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PREFACE

This U.S. Geological Survey Professional Paper is one volume of a series that
focuses on the geology, paleontology, and mineral resources of eastern Oregon,
western Idaho, and southeastern Washington. The purpose of this series is to
familiarize readers with the work that has been completed in the Blue Mountains
region and to emphasize this region’s importance for understanding island-are
processes, the accretion of an allochthonous terrane, and postaceretion magma-
tism and volcanism. These professional papers provide current interpretations of
a complex island-arc terrane that was accreted to ancient North America during
the late Mesozoic, of a large batholith that intruded after accretion had occurred,
and of overlying Cenozoic voleanic and sedimentary rocks that were subsequently
uplifted and partly stripped off the older rocks by erosion.

Most of the Cenozoic volcanogenic rocks were locally derived, although the
source vents for some large volumes of rock remain unknown; other rocks formed
from material erupted in areas west of the Blue Mountains and were transported
eastward into the region. Voleanism within this large region appears to have been
more or less continuous throughout the Cenozoic, but the kinds of volcanic
products varied both geographically and over time. Earth scientists who have
worked on the Cenozoic voleanic rocks of the Blue Mountains and adjacent areas
have attributed the volcanism partly to several different volcanic ares and partly
to extensional volcanism in regions behind arc axes.

Most earth scientists who have worked in the Blue Mountains region agree that
the pre-Tertiary rocks there -form one or more allochthonous terranes. The
importance of such terranes in the evolution of circum-Pacific continental margins
has been recognized for about a decade, but many complex questions remain. For
example, how, when, and where did most of the circum-Pacific allochthonous
terranes form? How did they accrete to continents, and how have they affected
and been affected by subsequent processes? What are the mechanisms of
amalgamation during terrane formation and transport? And, perhaps most
importantly, what are the effects of these processes on mineral and hydrocarbon
resources? Although the volumes in this series provide some answers, the data
and interpretations contained in them will no doubt raise new and equally
intriguing questions for future generations of earth scientists.
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ABSTRACT

This volume, besides this brief overview, presents five papers that
deal with the Cenozoic voleanic and sedimentary rocks of the Blue
Mountains region. Most of the descriptive material concerning these
rocks is organized into chapters that discuss stratigraphic relations,
isotopic and paleontologic ages, and petrographic and petrologic data by
age groups. The final chapter discusses some implications of Cenozoic
tectonism and voleanism of this large region.

INTRODUCTION

The Cenozoic geologic history of the Blue Mountains,
northeastern Oregon and adjacent southeastern Wash-
ington, and of contiguous areas in Idaho and central
Oregon is dominated by major episodes of volcanism
interspersed with periods of sedimentation that took
place mostly in local tectonic or volcanotectonic depres-
sions. The episodes of andesitie, rhyolitic to rhyodacitic,
and basaltic volcanism, which are related to widely
dispersed vent systems of many different kinds, exhibit
both temporal and geographic differences; during some
periods, diverse chemical types of rock were being
erupted in large volumes more or less synchronously.

Regional correlations and extrapolations are only ap-
proximate in this area dominated by complex mixtures of
intrusive, volcanic, and volcaniclastic rocks and by nu-
merous separate and ephemeral basins of deposition.
Early workers relied mainly on general lithology and

Manuscript approved for publication, July 11, 1988.

sparse paleontologie evidence to extrapolate and extend
stratigraphic units over large parts of the region, partie-
ularly for Miocene and older Cenozoic rocks. Dependence
on these lithologie eharacteristies has resulted in estab-
lishing and mapping units of questionable time-strati-
graphic significance. Many of the resulting correlations
were approximate at best, and some were ineorrect.
Since about 1965, however, geologic mapping supported
by extensive use of radiometric dating, precise major-
and minor-element chemistry, magnetie-polarity deter-
minations, reevaluation of old fossil collections, and
evaluation of new ones has provided a reasonably consis-
tent regional time-stratigraphic framework suitable for
reconstructing the Cenozoic geology of the region.

Although widely recognized and accepted stratigraphic
nomenclature has been developed for important parts of
the Cenozoic section, the terminology and definition of
units for some parts are still in an elementary stage of
development. Many problems of terminology and region-
al correlation remain for Eocene, Oligocene, and lower
Miocene voleanic and volcaniclastic rocks of the Blue
Mountains region. Difficulties in regional correlation
result partly from the mixed and recurring lithologie
assemblages, their different degrees of alteration, and,
most importantly, from absence of detailed mapping and
adequate age data. However, recent intensive study of
the Miocene basalts of the region by numerous individu-
als representing many diverse interests has led to a fairly
precise stratigraphic nomenclature for these rocks over
major parts of the region, supported by extensive chem-
ical, radiometric age, and magnetostratigraphic data.
Miocene and younger volcaniclastic and sedimentary
rocks are mostly restricted to separate local basins of
deposition and, in general, have not received the same
attention as the Miocene basalts.

For the purposes of this volume, the geographic area of
coverage is arbitrarily restricted to an area of approxi-
mately 140,000 km?, including parts of southeastern
Washington, northeastern Oregon, and west-central Ida-
ho. This area includes the Blue Mountains province, parts
of Columbia Basin, the Columbia Intermontane province,
parts of the Deschutes-Umatilla Plateau, the Joseph
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Upland, and small parts of the High Lava Plains and
Owyhee Upland provinces of southeastern Oregon (fig.
1.1). Excluded from consideration are areas dominated
by volcanic rocks of the Cascade Range, which lie far to
the west of the Blue Mountains and also west of the
Deschutes River and areas to the south and southeast,
within the northern Basin and Range, although these
areas contain sequences of voleanic and volcaniclastic
rocks correlative, in part, with rocks of the Blue Moun-
tains. Some of those rock units are mentioned, however,
in the following pages to obtain a better regional under-
standing of the temporal and spatial distribution of
different kinds of volcanism within the Cenozoic. In
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addition, some volcanic rocks erupted in these peripheral
areas extend long distances into parts of the Blue
Mountains province.

A diverse assemblage of Cenozoic terrestrial voleanic
and sedimentary rocks occupies most of the surface area
within this 140,000-km? area; pre-Cenozoic rocks repre-
sent perhaps only 10 to 15 percent of the total outcrop
area (fig. 1.2). In the Oregon and Washington parts of the
region, inliers of Paleozoic and Mesozoic metasedimenta-
ry and metavoleanic rocks, partly representing a tecton-
ically mixed assemblage of accreted ophiolite and island-
arc terranes, are intruded by several varieties and ages
of plutonic rocks. In western Idaho, the Cenozoic cover
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FIGURE 1.1. —Index map of the Blue Mountains region (screened area), showing major physiographic provinces and localities mentioned in text.
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rests on similar Paleozoic and Mesozoic rocks and on
high-grade metamorphic rocks of Precambrian age.

Within the Blue Mountains province, the outcrop
distribution of pre-Cenozoic and lower Cenozoie rocks is
related partly to burial by subsequent volcanism from
vents marginal to and within the province and partly to
differential erosion of a structurally and physiographical-
Iy high region. A plexus of folds and tilted fault blocks
make up this large, structurally uplifted block, which
extends for about 360 km across northeastern Oregon
into western Idaho and the southeast corner of Washing-
ton. The width of the elevated block is difficult to
determine but is generally about 80 km or more. Distri-
bution of Cenozoic units indicates that deformation was
initiated during latest Eocene or Oligocene time and has
persisted into late Miocene and probably into Quaternary
time. The deformation has been inferred by some geolo-
gists to be related to northwest-southeast regional com-
pressional stresses and by others to be related in part to
deformation of brittle surface and near-surface rocks as a
result of tangential stresses from transcurrent movement
between crustal blocks. Different workers in the region
have labeled this elevated crustal block an anticline,
anticlinorium, antiform, or uplift; we prefer the nonspe-
cific term “uplift,” inasmuch as the origin of the structure
is only poorly known.

Before the early 1970’s, investigators assigned strati-
graphie units to geologic epochs, the boundary ages of
which differed considerably from those acceptable in the
1980’s. This practice led to some confusion, particularly
where formations originally assigned to the Miocene or
Pliocene are now referred to, respectively, as Oligocene
or Miocene in age. Throughout this volume, authors of
chapters use the epoch-boundary ages of Palmer (1983),
which are younger in years than those used in many
previous reports on the geology of the Blue Mountains
and adjacent areas. Every attempt has been made in the
figures and text to integrate these different assigned
ages.

Most of the K-Ar ages referred to in this and subse-
quent chapters are from published reports. Because some
of these published ages were originally calculated using
decay constants that are no longer acceptable, all ages for
which analytical data are available have been recalculat-
ed using decay constants acceptable in 1983 (see Fie-
belkorn and others, 1983). The recalculated ages using
the new constants generally are older by a few percent
than the original reported ages that were calculate using
the old constants.
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PREVIOUS WORK

Previous summary reports dealing with aspects of the
geology of the Blue Mountains and contiguous areas are
mainly topical discussions of selected parts of the strati-
graphie column or of special features in restricted geo-
graphic areas; several areally extensive geologic maps
also have been prepared for different parts of the region.

Early discussions of John Day Basin in Oregon, located
mainly at the west end of the Blue Mountains province
and including the southwestern part of the Deschutes-
Umatilla Plateau, inelude papers on the general geology
(Merriam, 1901), the petrography of the Eocene and
Oligocene(?) Clarno Formation (Calkins, 1902), and both
fossil floras (Knowlton, 1902; Chaney, 1924) and faunas
(Merriam and Sinclair, 1907). Since these early studies,
many additional papers have been published on details or
reviews of Clarno Formation floras (Arnold, 1952; Scott,
1954; Hegert, 1961; Elemenderf and Fisk, 1978;
Manchester, 1981) and Clarno Formation faunas (Stirton,
1944; Hanson, 1973). In addition, many topical papers
have been published concerning the distribution, litholo-
gy, structure, and alteration of both the Clarno and John
Day Formations of central Oregon; foremost among these
papers are those by Waters and others (1951), Hay
(1962), Hogenson (1964), Fisher (1967), Fisher and Rens-
berger (1972), and Noblett (1981).
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Brief mention was made by Anderson (1930, p. 25),
Bond (1963) and, more recently, Jones (1982, p. 43-52) of
andesitic and latitic volcanic rocks in western Idaho that
are probably equivalent to the Challis Voleanics and
correlative with the Clarno Formation; some of these
voleanic rocks exposed in western Idaho were thought to
be as old as Permian(?) (Tullis, 1944, p. 40).

The Miocene basaltic rocks, mostly making up what is
now known as the Columbia River Basalt Group but
including some petrographically and chemically distinet
mafic flow units, have been treated in many publications;
earlier ones are by Mackin (1961) and Waters (1961), and
more recent ones are by Bond (1963), Thayer and Brown
(1966), Schmincke (1967), Wright and others (1973),
Hooper (1974), and Nathan and Fruchter (1974). Prolif-
eration of formal and informal names for basaltic flows
within this group led to a review by Swanson and others
(1979) in which a revised formal stratigraphic nomencla-
ture was established and the petrologic, magnetic polar-
ity, and chemical characteristics were described. That
report also summarized the geographic distribution of
units and K-Ar ages of selected flows. Other formal
publications and numerous dissertations concerning
these rocks are referenced throughout this volume.

Several early publications dealt with both lava flows
and terrestrial sedimentary rocks of Miocene and young-
er age in and adjacent to Boise Basin. For example,
studies by Lindgren (1898), Russell (1902), Merriam
(1918), and Buwalda (1924) established early stratigraph-
ic concepts for many of the units exposed in the basin.
Regional stratigraphic relations and nomenclature, as
well as precise age assignments, of these diverse rocks
recently have been reconsidered and revised, largely
through the work of Malde and Powers (1962), Arm-
strong (1975), Armstrong and others (1975), and other
workers.

Many reports are available on the stratigraphy and
structure of Pasco Basin in southeastern Washington,
most of them related to investigations of ground water
and radioactive-waste disposal at and near Hanford.
Principal among these reports are those by Strand and
Hough (1952), Newcomb (1958), Brown and McConiga
(1960), Newcomb and others (1972), and Gustafson
(1978). Newcomb (1965) described the geology and water
resources of Walla Walla River basin, which lies about 60
km southeast of Pasco Basin.

Regional geologic maps and compilations that have
contributed to our understanding of the distribution of
Cenozoic voleanic and sedimentary units include princi-
pally those by Gaston and Bennett (1979), Mitchell and
Bennett (1979), Rember and Bennett (1979), and Swan-
son and others (1981) for Idaho; Brown and Thayer
(1966), Walker and others (1967), Swanson (1969),
Greene and others (1972), Walker (1973, 1979), Robinson

(1975), and Brooks and others (1976) for northeastern
Oregon; and Swanson and others (1980) for southeastern
Washington. Smaller-scale maps of Idaho (Bond, 1978),
Washington (Huntting and others, 1961), eastern Oregon
(Walker, 1977), and Oregon and Washington (Luedke and
Smith, 1982) also provide background information on the
regional distribution of volcanic and sedimentary se-
quences. Each of these regional maps provides an index
to more detailed work in specific small areas; much of this
more detailed work is in unpublished theses.

PURPOSE AND SCOPE

The chapters in this volume describe the volcanic and
sedimentary rocks of the Blue Mountains region, their
distribution by time-lithologic units, and their relations
to vents; the Cenozoic structural development of the Blue
Mountains and of several subsidiary depositional basins;
and, finally, the interrelations of tectonism and volca-
nism. The volume will be a companion to several other
volumes published (Vallier and Brooks, 1986, 1987) or in
preparation that discuss the pre-Cenozoic geology of the
same major parts of eastern Oregon, southeastern Wash-
ington, and western Idaho, including the Idaho batholith
and its wallrocks.

The large size of the area being considered in this
report and the diversity of the Cenozoic geology required
the talents of several authors whose interests dealt with
specific parts of the stratigraphic column or with single
basins of deposition or related groups of basins. There is
little uniformity in the amount and kind of data available
for the different subjects that are considered. Intensive
studies of some parts of the stratigraphic column or of
small geographic areas have provided much data on
thicknesses of section, lithology, distribution of lithologic
units, chemistry, isotopic ages, and magnetic-polarity
characteristics. Other areas and other parts of the
stratigraphic column have been studied by only the
broadest reconnaissance methods, and the resulting data
are sparse and generally provisional.

A final summary chapter deals with the Cenozoic
tectonic and voleanic history of the region. It attempts to
bring data presented in the other sections into focus,
particularly in relation to structural development and
volcanism and to concepts of magma generation and
crustal development.

In 1981, I initially provided each author with a general
outline of the entire volume, suggesting general topics to
be covered in each chapter and giving very general
guidelines as to scope and philosophy of approach. Within
these guidelines, authors independently prepared their
reports dealing with particular parts of the Cenozoic
section. Because of different approaches to the subject by
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the authors and the vast differences in availability of
data, the chapters are not uniform in either style or
coverage. Furthermore, several chapters prepared in
1982 and 1983 represent the status of knowledge at that
time and have not been substantially updated as new
work was completed and published.

In this region, as in most voleanic regions, generalized
stratigraphic columns are of limited usefulness, and
regional correlations are only approximate. In and mar-
ginal to the Blue Mountains, numerous separate ephem-
eral and mostly structurally controlled depositional
basins have received various volcanie, volcaniclastie, and
sedimentary materials from many source areas. Before
radiometric dating and the development of precise
geochemical and magnetostratigraphic techniques, many
correlations of lithologic units among the separate basins
were somewhat haphazard; only in recent years have
time-stratigraphic relations reached a stage where re-
gional correlation charts are meaningful and reasonably
consistent.

Correlations that are well supported by numerous
radiometric ages, by clearly defined rock chemistry, or
by systematic magnetostratigraphy are restricted large-
ly to the Oligocene and Miocene part of the section and
concern primarily the John Day Formation of central
Oregon and the overlying flows of the Columbia River
Basalt Group.

REGIONAL STRATIGRAPHIC RELATIONS

One purpose of this introductory chapter is to provide
a regional stratigraphic framework for the individual
chapters that deal with specific part of the stratigraphic
column. Those chapters present detailed descriptions of
the physical and chemical characteristics of the different
lithologic units and the relations within the described
sequences of rocks.

Composite and highly generalized stratigraphic col-
umns have been prepared for four separate but interre-
lated parts of the region (fig. 1.8). These four columns
represent (1) the Blue Mountains province and south-
western part of the Deschutes-Umatilla Plateau; (2) the
southern part of Columbia Basin and adjacent parts of
Idaho, including the Clearwater embayment; (3) the
southern margin of the Blue Mountains province and
contiguous parts of the High Lava Plains; and (4) the
northern Owyhee Upland and northwestern part of the
King Hill section of the Columbia Intermontane province,
forming the northwestern and western part of Boise
Basin. The columns are arranged in a correlation chart
(fig. 1.3) and referenced to lines representing ages of 20,
15, 10, and 5 Ma. Stratigraphic units common to more
than one column are indicated, and age spans of isotopi-
cally dated units are shown in parentheses. Gaps in the

columns, in part shown as regional unconformities, indi-
cate that volcanism in this region was episodic. However,
as new radiometric ages have been determined from
various parts of the region, some of the apparent gaps in
the voleanic history seem to be diminishing in duration or
disappearing. Where interfingering relations are known
or inferred, they are shown by jagged lines (fig. 1.3);
unconformities, which are present in many parts of the
section, are shown only if they are of regional extent or,
if of local extent, are important in understanding rela-
tions in this complex volcanic area.

The Cenozoic rocks of the region are divisible into
several major geologic units, some with wide geographic
distribution and others restricted to small ephemeral
basins of deposition or to geographically restricted vol-
canic piles. Even though some of these units are recog-
nizable over large parts of the the region, the Cenozoic
column is so segmented by regional and local unconfor-
mities and by faults that estimates of composite thickness
are almost meaningless. Nowhere are all the diverse
units displayed in a continuous sequence, and in most
parts of the region only small segments of the column are
present. One of the thickest sequences of Eocene and
Oligocene(?) rocks, representing the Clarno Formation,
is that described by Waters and others (1951) for the
Horse Heaven mining district of Oregon, where the total
thickness is about 1,800 m. Oles and Enlows (1971)
described a section of similar thickness in the Mitchell
quadrangle; they divided this section into upper and
lower parts and identified the total section as the Clarno
Group. The thickest described section of uppermost
Eocene(?), Oligocene, and lower Miocene rocks, repre-
senting the John Day Formation, is that estimated by
Peck (1964) to be about 1,200 m thick near the west limits
of the formation. The John Day Formation has a com-
posite thickness of about 820 m near Mitchell (Hay, 1963)
and 760 m near Picture Gorge (Fisher and Rensberger,
1972). Miocene basaltic rocks and the partly coeval
Strawberry Volcanics vary extremely in thickness. Max-
imum total thickness of this part of the section was
estimated at about 2,450 m by Thayer and Brown (1966),
although Swanson and others (1979) indicated that this
thick section of basaltic flows may be partly duplicated by
faulting. In the deep canyons adjacent to the Snake and
Grande Ronde Rivers, the total exposed thickness is
about 800 m, and this value represents only a part of the
Miocene basalt column. The Mascall Formation of middle
Miocene age, which locally overlies the basalt flows and
elsewhere appears to interfinger with them, was report-
ed (Thayer and Brown, 1966) to be locally as thick as
1,830 to 2,135 m.

Measured thicknesses of the Miocene silicic voleanic
and volcaniclastic rocks and of the upper Miocene and
overlying volcaniclastic and sedimentary rocks vary so
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much from one depositional basin to another and within
basins that few generalizations are possible. In basins

E BLUE MOUNTAINS REGION

marginal to the Blue Mountains, volcaniclastic and tuf-
faceous sedimentary deposits of middle Miocene (Bar-
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stovian) and younger age are locally as much as 650 m
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(Barstovian) clastic rocks, about 130 m for overlying
upper Miocene (Clarendonian), and 250 m for uppermost
Miocene and Pliocene(?) (Hemphillian) rocks, for a total
section thickness of nearly 640 m in Juntura Basin.
Similar thicknesses of correlative tuff and sedimentary
rocks are present in areas to the west of the Blue
Mountains, where parts of the sections are exposed in
deep canyons of the Deschutes River and its tributaries.
Rock sequences several hundred meters thick are
present in several basins marginal to the Blue Mountains
on the southeast —in the north end of the Owyhee Upland
province and in the Columbia Intermontane province.
Within the Blue Mountains, local sections of these middle
Miocene and younger clastic rocks are generally much
thinner; the thickest sections may be those that are about
300 m thick in Paulina Basin (Davenport, 1971) and to the
east in the Suplee-Izee area (Dickinson and Vigrass,
1965).
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ABSTRACT

Lower Cenozoic terrestrial rocks of the Blue Mountains region are
separable into a lower, possibly Paleocene, sequence of quartzose and
feldspathic sandstone and siltstone overlain by a thick sequence of
largely volcanogenic deposits, most commonly referred to the Clarno
Formation in Oregon and the Challis Volecanies in western Idaho.

The voleanogenic sequence is dominated by several kinds of andesite
flows, mudflows, breccia, and moderate to large volumes of andesitic to
rhyolitic tuff and tuffaceous sedimentary rocks. Isotopic ages on
volecanogenic rocks shown on published maps as part of the Clarno
Formation in the Blue Mountains range in age from about 54 Ma to 19
Ma. Assignment of rock units to the Clarno Formation that have been
dated at younger than about 37 to 35 Ma are suspect; reexamination of
outcrops of those rocks younger than about 37 Ma indicates that
although they are petrographically and, presumably, chemically much
like rocks of the Clarno Formation they are invariably less altered.
Much evidence indicates that voleanism similar to that of the Clarno
Formation extended well into the Oligocene and, possibly, into earliest
Miocene time and is, therefore, partly coeval with volcanism that
produced the John Day Formation.

INTRODUCTION

A heterogeneous assemblage of terrestrial volcanie,
voleaniclastic, and epiclastic rocks primarily of Pa-
leocene(?) and Eocene age crop out in widely separated
areas in the Blue Mountains of Oregon and in parts of

ICentre for Marine Geology, Dathousie University, Halifax, Nova Scotia, Canada.

several adjoining provinces. The assemblage typically
comprises a basal sequence of terrestrial quartzose and
feldspathic sandstone and siltstone overlain by a thick
sequence of largely volcanogenic deposits, dominantly of
andesitic composition but including some basaltic and
rhyolitic rocks. Although these rocks vary lithologically,
many of them are similar in kinds and degree of alteration
and in structural deformation. These similarities, along
with erratically distributed fossil floras and faunas, have
been used by various investigators to correlate detached
parts of the lower Cenozoic section over many tens or
even hundreds of kilometers, with various degrees of
precision.

In northeastern Oregon nearly all of these lower
Cenozoic volcanogenic rocks have been assigned to the
Clarno Formation by most investigators, none of whom
has considered this complex assemblage on a regional
basis. Although Mendenhall (1909) and Hogenson (1964)
included the epiclastic sedimentary rocks in the Clarno
Formation, Pigg (1961) placed them in an older, unnamed
unit. Shorey (1976) also considered these arkosic sedi-
mentary rocks to be older than the Clarno Formation and
referred them to his Herren unit. Because these rocks
are distinet in composition from the bulk of the Clarno
Formation and appear to be older (Trauba, 1975; Shorey,
1976; Elemendorf and Fisk, 1978), we also treat them
herein as a separate unit.

On the basis of an angular unconformity in the Mitchell
area (fig. 2.1), Oles and Enlows (1971) divided the
volcanogenic sequence into what they termed the “Upper
Clarno” and “Lower Clarno” Formations and identified
the aggregate sequence as the Clarno Group. Other
investigators (Waters and others, 1951; Noblett, 1981)
have also recognized unconformities at various localities
within the sequence separating sections with slightly
different lithologies, types of alteration, or degrees of
deformation. However, these unconformities appear to
be local features (Swanson and Robinson, 1968), and
there is no evidence of a regional unconformity. There-
fore, we disagree with this terminology and instead
follow the usage of Merriam (1901) in referring to this
voleanogenic sequence as the Clarno Formation.

13
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In adjacent parts of western Idaho, two small inliers
(kipukas) of volcanic flow, voleaniclastic, and epiclastie(?)
rocks surrounded by flows of the Columbia River Basalt
Group presumably correlate with parts of the Clarno
Formation and, most recently, have been correlated with
the Eocene Challis Voleanics of eastern Idaho (Jones,
1982).

Most radiometric ages on samples that have been
assigned to the Clarno Formation on the basis of lithology
range from 55 to 40 Ma. As discussed below, some ages
younger than about 35 Ma suggest possible temporal

overlap with parts of the John Day Formation (table 2.1),
but many of those ages are suspect. Thus, in this report
we consider the Clarno Formation to be chiefly Eocene in
age (we actually consider the overall age range to be
Eocene and earliest Oligocene?), but if some of these
young ages can be substantiated, the unit as presently
mapped will have a greater timespan.

A few of these young Clarno-like rocks are less altered
and less deformed than those in the type locality of the
Clarno Formation, which most workers consider to be
near Clarno (or Clarno’s Ferry), thus introducing the
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FIGURE 2.1.—Index map of Blue Mountains region, showing study area and localities mentioned in text.
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TABLE 2.1. — Potassium-argon ages for rocks mapped as the Clarno Formation

[References: 1, Fiebelkom and others (1983); 2, Enlows and Parker (1972); 3, Swanson and Robinson (1968); 4, Evernden and others
(1964); 5, Walker (1973); 6, Brooks and others (1976); 7, Brown and Thayer (1966). do., ditto]

Sample General location Rock type Material Age References
648-628 East of Prineville  Andesite? Plagioclase 53.7+£1.0 1
E-16-77 Mitchell Andesite Homblende 48.9+52 1
648-695 North of Mitchell do. do. 47.0£9.5 1
W-3-58 South of Mitchell do. Homblende 46.1+0.4 2
‘Whole rock 41.6+0.9
KFO-1702B Mitchell Basalt Whole rock 46.1+0.1 2
KFO-1112 do. Andesite ‘Whole rock 44,0+0.6 2
648-657 East of Prineville ? Hornblende 42.9+54 1
DAS-67-80 Horse Heaven Rhyolite Sanidine 42,1+0.8 3
DX-1 East of John Day  Basalt ? 41.7+6.0 1
B-1 Northeast of Andesite Whole rock 41.2+0.4 1
John Day.
KAS818 Mitchell do. do. 375 4
KAS824A North of Mitchell  Bentonite Sanidine 36.5£0.9 4
M-859 Mitchell Diabase Whole rock 34.3+0.9 2
KA1204 Northwest of Tuff Plagioclase 34.0 4
Mitchell.
KFO-901 Mitchell Andesite ‘Whole rock 33.743.1 2
10-6-78-2 Smith Rock Basalt do. 30.8+0.5 1
EMT-11 Mitchell Diabase do. 29.310.4 2
SC-1-70 Upper Grande Andesite Plagioclase 28.81+0.8 51
Ronde.
UB-2-70K Unity Dacite (clast) Homblende 19.618.0 6,7, 1
Plagioclase 19.51£0.6

fundamental problem of what should be included in the
formation. Should it include all those rocks assigned by
different workers to the Clarno Formation in northeast-
ern Oregon and the questionable age-equivalent rocks in
western Idaho assigned to the Challis Voleanies? Should
it include only those rocks clearly dated by whatever
means as Paleocene and Eocene? Having no direct
answers to these questions, we herein arbitrarily include
in the Clarno Formation only those bodies of volcanie,
voleaniclastic, and sedimentary rocks within the region
that meet one or more of the following criteria: (1) They
represent rocks of the type locality of the Clarno Forma-
tion (Merriam, 1901) or are directly traceable into those
rocks(2) they are well established as either Eocene or
earliest Oligocene(?) in age, either by diagnostic fossils or
by isotopic ages; and (3) they lie either conformably or

unconformably beneath rocks clearly identifiable with the
uppermost Eocene(?) to lower Miocene John Day Forma-
tion and overlie pre-Cenozoic rocks. All other bodies of
rock with “typical” Clarno Formation characteristics that
do not meet these criteria are looked at with some
skepticism,; isolated bodies that are near the type locality
at and near the hamlet of Clarno (originally Clarno’s
Ferry; fig. 2.1), evidently are time-stratigraphic correl-
atives of the Clarno Formation, whereas others farther
east and west of the type locality are suspect. Some of
these Clarno-like rocks have been radiometrically dated
as Oligocene and even early Miocene in age but show
relations with the John Day Formation or with other
units that make them suspect; others are considerably
less altered than typical Clarno Formation rocks (see
chap. 3).
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DISTRIBUTION

The epiclastic sedimentary rocks of Paleocene(?) and
early Eocene age are exposed over an area of approxi-
mately 80 km® at two localities—south of Heppner,
Oreg., and along East Birch Creek southeast of Pilot
Rock (fig. 2.2). South of Heppner, the rocks form a
northeast-trending body exposed along the crest of the
Blue Mountains uplift and are conformably(?) overlain by
volecanogenic rocks of the Clarno Formation.

The largest exposures of the Clarno Formation occupy
an arcuate area of slightly more than 4,000 km? mostly
along and to the south of the axis of the Blue Mountains
uplift at and near the western margin of the Blue
Mountains province in Crook, Jefferson, and Wheeler
Counties, Oreg. (fig. 2.2). A smaller northeast-trending
body of about 400-km? area lies along the axis of the Blue
Mountains uplift in southern Morrow County. Smaller
inliers of Clarno rocks are surrounded by younger flows
and sedimentary rocks in areas that are deeply dissected
by the Deschutes River and its tributaries in the south-
westernmost tip of the Deschutes-Umatilla Plateau prov-
ince (see fig. 1.2). Detached bodies of correlative rocks
are found sporadically southeast of the axis of the Blue
Mountains uplift, particularly in areas of considerable
structural relief. The largest of these detached bodies, in
central Grant County, covers about 600 km?, and another
northwest-trending elongate body that crosses the
Grant-Baker County line covers about 500 kmZ The
isolated small inliers (kipukas) at Potato Hill, Latah
County, and Kamiah Butte, Idaho County, Idaho, rep-
resent erosional highs of voleanic, volcaniclastic, and
epiclastic(?) rocks of early Cenozoic(?) age surrounded by
flows of the Columbia River Basalt Group. Neither inlier
is more than a few tens of square kilometers in maximum
extent, and neither has been studied in detail.

Some of these rocks in isolated bodies away from the
type localities of the Clarno Formation in Oregon and the
Challis Volcanics in Idaho have been assigned ages either
by fossils or by isotopic dating, whereas others have not.
Isotopic dating of some of these isolated bodies that are
considered to be correlative with either the Clarno
Formation or the Challis Voleanics indicates that they
may be related to later periods of volcanism. Only
additional isotopic dating and mapping can resolve these
uncertainties.

Distribution of the Paleocene(?) to lowermost Oli-
gocene(?) rocks in the subsurface beneath the very
widespread Miocene and younger flows and sedimentary
rocks of the region is virtually unknown. Lipman and
others (1972, fig. 2a) interpreted the distribution to be
extensive and relatively continuous throughout the Pa-
cific Northwest, as inferred from widely separated out-
crop areas. However, great variations in thickness and

rapid thinning away from volcanic centers indicates that
these rocks are probably erratically distributed and may
be quite discontinuously distributed on pre-Cenozoic
terranes. Rocks that are lithologically similar and appear
to be partly the same age as the Clarno Formation are
exposed about 100 km south of the Blue Mountains near
Paisley, Oreg. (Muntzert, 1969; Walker, 1980, p. 4), and
a little farther south in the Warner Range of northeast-
ern California. Also, the older part of the Fisher Forma-
tion of the western Cascade voleanic sequence (Peck and
others, 1964) shows some lithologic similarities to, as well
as differences from, rocks of the Clarno Formation; and
K-Ar ages indicate some apparent temporal overlap
(Lux, 1982; Fiebelkorn and others, 1983) with younger
parts of the Clarno Formation.

STRATIGRAPHY

Paleocene(?) to lowermost Oligocene(?) rock assem-
blages in northeastern Oregon form a thick sequence of
largely volcanogenic deposits mostly of andesitic compo-
sition, which locally includes a basal section of terrestrial,
epiclastic quartzose and feldspathic fine-grained sedi-
mentary rocks (fig. 2.3). In the Blue Mountains province
(see fig. 1.2), this sequence rests unconformably on many
different types of rocks, including Cretaceous marine
sedimentary rocks, Triassic and Jurassic sedimentary
and voleanic rocks, ophiolite, Paleozoic(?) and Mesozoic
granitic to gabbroic intrusive rocks, and Paleozoic sedi-
mentary, metasedimentary, and metamorphic rocks. The
sequence is overlain by Eocene(?), Oligocene, and Mi-
ocene rocks of the John Day Formation or, in some
places, by flows of the Columbia River Basalt Group.
Contact relations with the overlying John Day Formation
are not fully resolved (see chap. 3). In most places the
contact is clearly unconformable (Waters and others,
1951; Swanson and Robinson, 1968; Oles and Enlows,
1971; Fisher and Rensberger, 1972; Robinson, 1975), but
in a few localities the Clarno and John Day apparently
exhibit some temporal overlap, in which the youngest
isotopic ages of rocks assigned to the Clarno Formation
postdate the oldest ages determined on rocks assigned to
the John Day Formation. Misidentification of the isotop-
ically dated units is the most likely explanation for this
apparent overlap, inasmuch as no evidence has been
found to suggest interfingering of the Clarno and John
Day Formations.

The terrestrial, epiclastic sedimentary rocks exposed
along the axis of the Blue Mountains uplift south of
Heppner are probably the oldest part of the Cenozoic
section, as suggested by stratigraphic relations and
available age data. However, the absence of regionally
extensive marker horizons in the lower part of the
section, repetition of some lithologic types in different
parts of the section, and considerable relief on the
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underlying unconformity surface (Fisher, 1967; Oles and
Enlows, 1971, p. 13; Thayer and Brown, 1973) make it
nearly impossible to firmly establish which part of the
assemblage is the oldest. In the Heppner area, the rocks
consist of bedded and folded, well-sorted, fine- to medi-
um-grained, quartzose and feldspathic, micaceous sand-
stone, as well as micaceous and carbonaceous siltstone
and shale. The absence or near-absence of volcanic debris
in the fine- to medium-grained, well-sorted sedimentary
rocks indicates that they were derived from granitic and,
possibly, sedimentary, metasedimentary, or metamor-
phic source rocks exposed in a terrane with little to
moderate relief. South of Heppner they are conformably
overlain by’ andesitic volecanic and volecaniclastic rocks
typical of the Clarno Formation as exposed in adjoining
areas.

The total thickness of the sedimentary rocks is not
known, but it is estimated to range from about 365 to 455
m for the section near Willow Creek 25 to 30 km
southeast of Heppner (Pigg, 1961). Shorey (1976) esti-
mated the thickness of these sedimentary rocks, which he
identified as his Herren unit, at “slightly less than 2,000
feet” or about 600 m. Whether significant thicknesses of
these lithologically distinct rocks are present in areas far
removed from Willow Creek is not known. Pigg (1961, p.
58) indicated that pre-Clarno post-Cretaceous sedimen-
tary rocks were encountered in deep oil test holes, one in
an area about 50 to 60 km west of the Willow Creek area
and another as much as 170 km south of the area. His
description of the volcanic and sedimentary rocks pene-
trated in these test holes indicates that they differ
significantly from the quartzose and feldspathic sedimen-
tary rocks south of Heppner and are nearly identical to
tuff, claystone, and mudstone typical of the Clarno
Formation. None of the sedimentary rocks in these test
holes apparently has been dated; thus, if they predate
rocks typical of the Clarno Formation and are of Pa-
leocene age, they represent a significantly different
facies from the facies represented by the sedimentary
rocks southeast of Heppner.

The Clarno Formation is a very thick sequence that
comprises extremely diverse voleanic, voleaniclastie, and
sedimentary rocks and that apparently overlies the
Paleocene(?) and lower Eocene epiclastic sedimentary
rocks. The sequence is dominated by several kinds of
andesite flows, mudflows, and breccia; it also contains
moderate to large volumes of andesitic to rhyolitic
volcaniclastic rocks and tuffaceous sedimentary rocks.
The aggregate thickness is more than 1,825 m, although
in no one area is the total section displayed.

Two thick sections of the Clarno Formation are ex-
posed near the axis of the Blue Mountains uplift, one in
the Horse Heaven mining district of Jefferson County,
Oreg., and the other a few kilometers to the east between

Cherry and Bridge Creeks astride the Jefferson-Wheeler
County line. The section near Horse Heaven (Waters and
others, 1951) is more than 1,768 m thick. Presumably, the
section is stratigraphically above the terrestrial sedimen-
tary rocks exposed south of Heppner, although this
relation has not been demonstrated in the field. Waters
and others (1951, p. 112-114) subdivided this thick
section into four units, as follows (fig. 2.3):

Unit 1.—A basal unit, 183 m thick, of platy andesite
flows interbedded with layers of varicolored clay. The
base of this unit is not exposed.

Unit 2. —An overlying unit, 411 m thick, of tuff,
tuffaceous claystone, volcanic mudflow deposits, and a
few thin lava flows, all of andesitic composition.

Unit 3. —About 533 m of tuffaceous claystone contain-
ing a few beds of coarse-grained tuff and a few andesite
flows.

Unit 4. —White tuff, largely rhyolitic in composition, at
least 640 m thick, with some interlayered andesite flows.
Quartz-bearing basaltic andesite flows are present in this
part of the section and apparently extend eastward into
adjoining areas (see unit 5 below).

The section between Cherry Creek and Bridge Creek,
which is about 1,646 m thick, was subdivided by Noblett
(1981), first, into a lower sequence more than 1,463 m
thick and an upper sequence locally from 152 to 182 m
thick and, second, into smaller units dominated either by
flows or by volcaniclastic and epiclastic deposits. The
lower and upper sequences are separated by an angular
unconformity and by a saprolite 3 to 6 m thick developed
in the lower unit. Noblett’s secondary divisions, from
bottom to top and somewhat generalized, are:

Unit 1.—A 42-m-thick unit composed of mudflow
(lahar) deposits and conglomeratic sandstone containing
andesite fragments. The base of this unit is not exposed.

Unit 2.—About 457 m of dominantly plagioclase-,
augite-, and hypersthene-phyric andesite flows.

Unit 3.—An overlying 30-m-thick unit of bouldery
andesitic mudflow.

Unit 4. —More than 610 m of tuffaceous fluvial and
lacustrine sedimentary rocks, locally containing fossil
plants, and a few local thin andesite flows.

Unit 5.—A sequence of aphyric olivine-, augite-, and
hypersthene-bearing andesite flows with an aggregate
thickness of more than 305 m. In the middle part of this
unit are distinctive basaltic andesite flows containing
quartz xenocrysts probably correlative with those in unit
4 of the Horse Heaven mining district.

Unit 6.—About 100 m of tuffaceous sandstone and
plagioclase-, augite-, and hypersthene-phyric andesite
and basaltic andesite flows.

These lower units were broadly(?) folded, and a 6-
m-thick saprolite was developed before deposition of the
overlying units.
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Unit 7.—A fresh pilotaxitic basaltic andesite, 30 m
thick, overlying the unconformity.

Unit 8.—A hornblende andesite in the form of a
bulbous dome more than 122 m thick but with restricted
lateral extent.

Unit 9. —An uppermost aphyric flow, 18 m thick, of
basaltic andesite.

Section 2

John Day
Formation

Unit 4

~ 500

Unit 3 \
L 1000 METERS 3

Section 1

John Day
Formation and
Columbia River
Basalt Group,

undivided

Unit 2

Another section, about 1,800 m thick, has been de-
seribed in the Mitchell area, where Oles and Enlows
(1971) subdivided what they called the Clarno Group into
a lower unit dominated by thick andesite flows interlay-
ered with varicolored tuffaceous sedimentary rocks and
an unconformably overlying unit dominated by andesite
flows, mudflows, and lacustrine and fluvial tuffaceous

Section 3 Section 4
John Day John Day
Formation; Formation

locally
Miocene basalt

?
exposed ? /

Base n%t —7?——?——  Basenot Cretaceous
expose ? sedimentary
/ rocks
Pre;ggir(\:mic EXPLANATION
- x-r Saprolite
120° 119° 30
1
* Heppner T
Eﬁ Aphyric andesite flows
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Tuffaceous sedimentary rocks
. AREA LOCATION
45 1
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Horse Heaven Porphyriti desi d
P ) phyritic andesite an
mining district @Mitchell basaltic andesite
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INDEX MAP SHOWING LOCATION OF SECTIONS

Quartzose and feldspathic
sedimentary rocks

FIGURE 2.3. —Generalized sections of Paleocene(?), Eocene, and lowermost Oligocene(?) rocks. Section 1 from Willow
Creek area southeast of Heppner (modified from Pigg, 1961); section 2 from Horse Heaven mining district (Waters
and others, 1951); section 3 from Cherry Creek-Bridge Creek area (Noblett, 1981); section 4 from Mitchell area
(modified from Taylor, 1960, and Oles and Enlows, 1971).
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sedimentary rocks. According to Oles and Enlows (1971,
p. 14), rocks of the lower unit were affected by deforma-
tion that folded underlying Cretaceous rocks, whereas
those of the upper unit were not.

In the northwest corner of the Mitchell quadrangle,
near the hamlet of Clarno, Taylor (1960) found the Clarno
Formation to be considerably thinner, about 500 to 600
m, and to contain a much higher percentage of voleani-
clastic sedimentary rocks. A lower unit there is composed
of interlayered andesitic laharic deposits, cliff-forming
voleanic conglomerate, and sparse andesitic and basaltic
lava; it is conformably overlain by a sequence of tuffa-
ceous sedimentary rocks, air-fall tuff, welded ash-flow
tuff, and interlayered basalt and andesite flows. Taylor
(1960) recognized basalt and basaltic andesite flows
containing quartz xenocrysts in both his lower and upper
units, in contrast to the sections at Horse Heaven and in
the Cherry Creek-Bridge Creek area, where quartz-
bearing mafic flows were reported only in the upper part
of the section.

The measured sections—one near Horse Heaven, an-
other between Cherry and Bridge Creeks, and a third
near Mitchell —exhibit some of the many lithologic vari-
ations in the Clarno Formation, but they are individually
and even collectively unrepresentative of the entire
sequence. Probably the most characteristic aspect of the
voleanogenic part of the formation is its variation from
place to place, with coarse-grained, near-vent facies,
including vent and flow breccia, volcanic mudflows (la-
hars), and volcanie conglomerate, grading outward from
the many separate volcanic centers into finer grained
facies. Intermingled with the andesitic flows and clastic
rocks are rhyolite and dacite domes, flows and flow
breccia, small intrusions, and beds of coarse-grained
near-vent pumiceous ejecta. Most of the rhyolites and
dacites are flow-banded and aphyric, but locally they
contain phenocrysts of sanidine, quartz, and altered
oligoclase. In several widely separated areas, including
southwest of Clarno near Current Creek and east of
Prineville, Swanson (1969) showed that the Clarno For-
mation also contains many layers of pumice lapilli tuff,
most of which he attributed to an ash-flow origin. The
ash-flow tuff layers are dacitic and rhyolitic in composi-
tion and contain plagioclase and sanidine in an originally
glassy matrix, now mostly devitrified and altered to clay
minerals and feldspar.

Complexly intermixed with the volcaniclastic rocks are
numerous, commonly local, small-volume flows and flow
breceias of plagioclase-, clinopyroxene-, orthopyroxene-,
and some olivine-phyrie, pilotaxitic to hyalopilitic basaltic
andesite. Some hornblende-phyric andesite flows and
breccias are locally present.

Many of the flows and breccias are separated by thin,
discontinuous layers of saprolite, and more continuous

saprolite layers are present locally in the uppermost part
of the formation; however, in some places the overlying
John Day Formation rests disconformably(?) on unweath-
ered rocks of the Clarno Formation. Many of the different
lithologic phases of the Clarno Formation are complexly
intermingled and commonly separated by local unconfor-
mities. Rarely can individual units be traced for more
than 1 or 2 km.

Most of these rocks have been diagenetically and
deuterically altered and, locally, subjected to low-grade
metamorphism from deep burial in a region of slightly
elevated heat flow (Riccio, 1978) and from thermal effects
adjacent to the numerous domes, plugs, and small
intrusions. The original volcanic glass in these rocks is
mostly devitrified and further crystallized into various
secondary minerals, and most of the primary minerals
are variously altered to smectite, zeolites, calcite, sec-
ondary silicic minerals, and, locally, chlorite. Iron-rich
hornblende commonly has been completely altered to
hematite and an unidentified opaque mineral, and hema-
tite fills fractures and pores in much of the andesite.

Although these alteration features are not ubiquitous,
they are characteristic of most of the formation. Where
the rocks are unaltered or only slightly altered, they are
difficult, if not impossible, to distinguish from similar
plagioclase-, pyroxene-, hornblende-, and olivine-phyric
flows and breccias of younger age. Therefore, radiomet-
ric ages are probably the most reliable means of identi-
fying rocks of the Clarno Formation in areas widely
separated from the type locality near Clarno.

Rocks exposed in the inliers at Potato Hill and Kamiah
Butte in western Idaho also present problems in regional
correlation. The inlier at Kamiah Butte consists of
comparatively fresh, commonly trachytic augite and
olivine(?) andesite flows and flow breccias, both porphy-
ritic and aphyric, whereas the Potato Hill inlier largely
comprises well-indurated and altered breccia and con-
glomerate(?) deposits that consist of poorly sorted angu-
lar fragments of fine-grained sedimentary rocks, gneiss,
sheared quartzite, and welded tuff, as well as angular to
subangular quartz and feldspar. Thin veinlets of quartz
cut the clastic rocks at Potato Hill, and minor epidote and
chlorite replace original constituents. The lithology and
comparative freshness of the andesite at Kamiah Butte,
and its stratigraphic position beneath flows of the Co-
lumbia River Basalt Group, certainly permit correlation
with similar rocks in the Clarno Formation and the
Challis Voleanics. Whether the clastic rocks at Potato
Hill are correlative with rocks of either of those forma-
tions is questionable because even though they are
lapped by flows of the Columbia River Basalt Group,
their induration, alteration, and quartz veining are sim-
ilar to those of the Mesozoic volcaniclastic and sedimen-
tary rocks exposed in Hells Canyon, Idaho, nearly 150 km
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to the southeast. However, angular fragments of welded
tuff contained in these rocks suggest a Cenozoic rather
than Mesozoic age. None of the rocks in either inlier has
been dated radiometrically.

AGE

The Paleocene(?) to Oligocene(?) rocks rest unconform-
ably on various Mesozoic or older rocks and are overlain
by mainly Oligocene and younger rocks representing
several formations. Relations between these lower Ceno-
zoic rocks and overlying rocks, composing mainly the
John Day Formation, are not fully resolved, but in most
areas the formations are separated by a fairly widespread
unconformity and a saprolite zone (regolith) developed on
the Clarno Formation (Waters and others, 1951; Waters,
1954; Peck, 1964; Swanson and Robinson, 1968; Oles and
Enlows, 1971).

Knowlton (1902) originally assigned a late Eocene age
to fossil plants from some of the arkosic sandstone,
carbonaceous siltstone, and shale beds south of Heppner
and near Pilot Rock on East Birch Creek. However,
R.W. Brown (oral commun., 1955; see Hogenson, 1964)
considered the fossil plants in these beds to be Eocene or,
possibly, Paleocene in age. A reevaluation of the East
Birch Creek fossil flora collected from sandstone and
shale beds indicated to Elemendorf and Fisk (1978) an
age older than typical Clarno Formation floras, that is,
Paleocene or early Eocene. Floras collected from the
Clarno Formation at localities on Cherry, Current, and
Bridge Creeks near and northwest of Mitchell (fig. 2.1),
as well as near Clarno, apparently are somewhat younger
and have been assigned an Eocene or early Oligocene age
(Knowlton, 1902; p. 102-103; Chaney, 1938; Arnold, 1952,
p. 68-72; Scott, 1954; Hergert, 1961; McKee, 1970).
Apparently, the only isotopic ages on these sedimentary
rocks were obtained on white detrital mica separated
from the arkosic sedimentary rocks. Two samples from
the Herren unit yielded white mica with ages of 85.7 and
84.1 Ma (Heller and others, 1985).

Isotopic ages obtained on rocks of the Clarno Forma-
tion range mostly from 55 to 40 Ma, whereas rocks of the
John Day Formation range in age from about 37 to 21 Ma.
Eight K-Ar ages on rocks that have been assigned to the
Clarno Formation by several investigators are younger
than 37 Ma (table 2.1), the approximate age of the lowest
ash-flow sheet of the John Day Formation® (Swanson and
Robinson, 1968; Robinson, 1975). In addition, several
undated bodies of Clarno-like rocks south and southeast

2The original published age was 36.4 Ma; the 37.4-Ma age was obtained by using the original
analytical data and applying abund and decay ts acceptable in 1982,

of Prineville (fig. 2.1) appear to postdate the Clarno
Formation; these rocks are briefly described in chapter 3.
Two of the anomalously young K-Ar ages are on dikes in
the Mitchell area that are compositionally similar to
basalts of the John Day Formation (Taylor, 1981), and
one is so young that the rocks involved clearly have been
misidentified as the Clarno (table 2.1). This young age
(19.5%6 Ma) is from a comparatively fresh hornblende-
porphyritic andesite or mafic dacite exposed in roadcuts
just east of the Unity Reservoir (fig. 2.1), Baker County,
Oreg. Although this young unit is superficially similar in
lithology to some Clarno-age rocks, it shows none of the
alteration that has produced secondary clays, zeolites,
silica minerals, and calcite in the Clarno Formation.
Thus, this unit should not be considered part of the
Clarno Formation, nor even correlative with the young-
est part of the John Day Formation.

Most of the other young Clarno ages are also suspect
because they are on whole-rock specimens of somewhat
altered lava (Enlows and Parker, 1972) or on feldspar
separates from highly weathered bentonite (Evernden
and others, 1964). The effect of such alteration on
whole-rock ages is shown by sample W-3-58 (table 2.1).
A hornblende separate from this rock yielded a K-Ar age
of 46.1+4 Ma, whereas the whole-rock sample yielded an
age nearly 5 m.y. younger.

Not only are these ages suspect because of the mate-
rials dated, but several conflict with ages on fossil floras
and faunas. As pointed out by Manchester (1981, p. 77),
a K-Ar age of 34.0 Ma obtained on tuff from the Clarno
“Nut Beds” of local usage conflicts with vertebrate fossil
dating by Stirton (1944) and Hanson (1973) of about
middle Eocene age, or about 48 Ma. According to Hanson
(see Manchester, 1981, p. 77), the “Nut Beds” may
represent a part of the lower part of the Clarno Forma-
tion that was uplifted by folding before deposition of
mudflows and tuff of the upper part of the Clarno.

Thus, some and probably all of the ages in the range of
35 to 28 Ma for rocks that have been identified as the
Clarno on the basis of lithology should be considered
suspect and reevaluated as additional mapping and age
data are obtained. It seems reasonable, however, to
suppose that Clarno-type voleanism may have persisted
locally within the Blue Mountains province until after
deposition of the John Day Formation had already begun.
Rocks of the Clarno Formation were all erupted locally,
whereas those of the John Day Formation were derived
mostly from vents west of the present-day outcrops
(Robinson and Brem, 1981).

The isotopic ages further imply the possibility of two
major hiatuses, one at about 40 to 38 Ma and another,
best demonstrated in John Day Formation ages, at about
35 Ma (fig. 2.4). Whether these apparent breaks in the
geologic record have any significance in terms of regional



PALEOCENE(?), EOCENE, AND OLIGOCENE(?) ROCKS OF THE BLUE MOUNTAINS REGION 23

volcanism and resulting stratigraphy is not known. The
older break may represent a decline of calc-alkaline
volecanic activity near the end of Clarno time, or it may
result from insufficient data. The younger break proba-
bly reflects incomplete age dating of the lower part of the
John Day Formation.

Future investigators would be well advised to question
and reevaluate bodies of rocks mapped as the Clarno
Formation that are far removed from the type locality
and that are not characterized by secondary minerals
denoting low-grade metamorphism. Many of the bodies of
rock assigned to the Clarno Formation that lie east of
U.S. Highway 395 are of particular concern in this
regard.

STRUCTURE

Structural and stratigraphic relations among the di-
verse Paleocene(?) to lowermost Oligocene(?) rock types,
as well as distributional relations with overlying Oli-
gocene and Miocene rocks, demonstrate that early Ceno-
zoic structural trends developed before deposition of
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these younger rocks and that subsequent deformation
followed these earlier structural trends.

The distribution of rocks younger than the Clarno
Formation indicates that during the early Tertiary a
series of northeast-trending structural highs formed
essentially along the axis of what is now the Blue
Mountains uplift (Rogers, 1966; Fisher, 1967; Taylor,
1977). This early Tertiary uplift (or antiform) includes
northeast-trending fold elements that appear to have
resulted from northwest-southeast compressional forces
(Taylor, 1977, 1981), but it also includes some faults and
is marked by many coalescing constructional volcanic
edifices. Many of the initial dips from these coalescing
constructional highs are to the northwest and southeast,
tending to emphasize the antiformal nature of the north-
east-trending structural high. How much of the structur-
al high is tectonic and related to arching of the Blue
Mountains uplift (or antiform) and how much to the
coalescing of numerous voleanic piles along the axis of the
arch is not known. However, a significant tectonic uplift
in early Oligocene time can be demonstrated from the
distribution of and stratigraphic relations within the John
Day Formation (Robinson, 1975; Woodburne and Robin-
son, 1977). A few folds east of Mitchell trend west-
northwest at a considerable angle (50°-60°) to the
dominant northeastward trend, indicating either local
divergence in the regional stress regime or possible
differences in the age of development of these divergent
structures. The distribution of rock units of different
ages associated with both the northeast- and west-
northwest-trending folds indicated to Fisher (1967, p.
120) that the folds predate the beginning of John Day
deposition—either pre-Oligocene or earliest Oligocene—
and probably developed after the Cretaceous. A more
precise lower age limit may be indicated by the charac-
teristics of the Paleocene(?) and lower Eocene sedimen-
tary rocks south of Heppner. The fairly uniform and
locally thin bedding of these rocks, moderate to good
sorting, and presence of carbonaceous shale and coaly
lenses, as well as an absence of volcanic debris, indicate
a terrain of little physiographic or structural relief. Thus,
these structures are apparently of Eocene or earliest
Oligocene age.

COMPOSITION

Considerable chemical data are available on the volean-
ic and voleaniclastic rocks of the Clarno Formation. Some
chemical data also are available on intrusions that repre-
sent sources of some of the volcanic rocks. Little is
known, however, of the chemistry of the terrestrial
quartzose and feldspathic sedimentary rocks, which ap-
parently represent the earliest part of the Cenozoic
section.
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From the mineralogic composition of their coarse-
grained facies, the terrestrial sedimentary rocks appear
to represent detritus derived largely from a fairly homo-
geneous granitic to quartz dioritic or, possibly, metased-
imentary or metamorphic source area in which quartz,
feldspar, and white mica were major constituents. Minor
constituents include apatite, zircon, garnet, sillimanite,
staurolite, hornblende, and andalusite (Pigg, 1961; Trau-
ba, 1975). The sandstone, composed mostly of angular to
partly subrounded grains, is moderately well indurated
and cemented by calcium carbonate. Finer grained beds
contain large amounts of carbonaceous material, some
altered to lignite and bituminous coal; the coal beds are
invariably thin and contain large amounts of clay-size
detritus. Sedimentary features indicate that deposition
was at least partly in a deltaic environment.

Rocks of the Clarno Formation vary noticeably in
composition and form a diverse assemblage that ecompo-
sitionally ranges from basalt to rhyolite (fig. 2.5), with a
great preponderance of andesite and basaltic andesite.
Some parts of the section are characterized by plagio-
clase-, augite-, hypersthene-, or hornblende-phyric
flows, breccia, lahars, and some tuff, and other parts by
abundant aphyric flows. Some of the lava flows are
characterized by sparse quartz xenocrysts (Calkins, 1902;
Waters and others, 1951; Noblett, 1981). Still other
parts of the section are dominated by dacitic, rhyodacitic,
and rhyolitic ash-flow tuff, pumice lapilli tuff, and mud-
stone, siltstone, sandstone, and conglomerate, mostly
composed of volcanic debris. A few conglomerates in the
eastern part of the Blue Mountains province that have
been assigned to the Clarno Formation contain rounded
pebbles and cobbles of metasedimentary rocks, mostly
quartzite, as well as some metamorphic and igneous rock
types.

Inasmuch as the chemistry of these volcanic rocks has
been published elsewhere (Calkins, 1902; Oles and En-
lows, 1971; Rogers and Novitsky-Evans, 1977; Noblett,
1981) or released in dissertations (for example, Wilson,
1973), only a brief summary will be reported here.
Conspicuous chemical characteristics of the Clarno For-
mation are: (1) Basaltic andesite and andesite (SiO,,
~54-62 weight percent) are volumetrically predominant
and accompanied by lesser amounts of basalt (SiO,,
<~52 weight percent) and rhyolite or rhyodacite (SiOs,
~T70-76 weight percent); (2) the assemblage is mostly
calc-alkaline, although some rocks appear to be transi-
tional to tholeiite (Rogers and Novitsky-Evans, 1977);
and (3) there appears to be little relation between
variations in rock chemistry and different stratigraphic
units within the assemblage, although rhyolitic and
rhyodacitic volcaniclastic and tuffaceous sedimentary
rocks are more abundant high in the section. A histogram
presented by Rogers and Novitsky-Evans (1977) shows

that 54 percent of the rocks they analyzed contain from 56
to 63 weight percent SiO,; this range may indicate actual
volumes of rocks with different SiO, contents or simply
reflect sampling bias.

Trace-element investigations of rocks of the Clarno
Formation are of limited extent and pertain principally to
abundances of lithophile elements (Rogers and Ragland,
1980; Noblett, 1981) in both porphyritic and nonporphy-
ritic intermediate to mafic flows. Rogers and Ragland
(1980) have examined abundances of Rb, Sr, Y, Zr, Nb,
Ba, V, Cr, and Ni, and Noblett (1981) examined
abundances of Rb, Sr, Y, Zr, Nb, and Ni. Abundances of
K, Rb, and Ba in andesite of the Clarno Formation are
generally greater than those in andesite from continental
margins, and Rogers and Ragland (1980) inferred that
these rocks may have formed on a crust that was
intermediate or transitional between oceanic and conti-
nental. They considered, further, that this assemblage of
calc-alkaline rocks of the Clarno Formation most likely
formed by partial melting of mantle or modified mantle
material. Noblett (1981), however, considered the por-
phyritic lava to have formed as hydrous melt that rose
from a subducting slab and that interacted with the
overlying mantle. The nonporphyritic lava presumably
formed by partial melting of anhydrous quartz eclogite
with little or no subsequent crystal fractionation.

The chemistry and terrestrial character of rocks of the
Clarno Formation suggested to Rogers and Novitsky-
Evans (1977, p. 63) that the sequence represents a
subduction-zone assemblage erupted on a continental
margin, rather than in an island arc. On the basis of
trace-element chemistry, Rogers and Ragland (1980)
inferred that the eruptions took place in an area of thin
crust, transitional in character between oceanic and
continental. Noblett (1981, p. 995) also considers these
rocks to be related to subduction-induced volcanism along
the continental margin and to be a late phase of Challis
arc volcanism. This interpretation is supported by the
abundances of lithophile elements in Clarno lavas relative
to those elements in island arcs and continental margins,
by the composition of pre-Cenozoic bedrock of the region,
in which ophiolite, Paleozoic and Mesozoic island-are, and
continental crustal elements are tectonically intermixed,
and by geophysical data (Thiruvathukal and others, 1970)
that can be interpreted as indicating a transition zone
between continent and ocean basin.

The geochemical characteristics of these rocks, their
distribution in the Pacific Northwest, and their geomet-
ric relations to postulated crustal plates and their con-
vergence directions suggest that the calc-alkaline
voleanogenic assemblage of the Clarno Formation and
coeval voleanice rocks near Paisley and Lakeview, Oreg.,
along the California-Oregon State line, and those in the
Washington Cascades are underlain largely by dismem-
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bered oceanic crust and accreted terranes and, most | somewhat sinuous pre-Cascade volcanic arc. These data
likely, are related to a north-south-trending, possibly | further suggest that the somewhat. similar and partly

13 T T T T T T T T T
L]
12 - Ca0 4 MgO 1 . Fe,0, o
': LAY ’.
10 . . : . .o -t .. . —
L T
8t oL . + 4 el i
L T j . . )
X ausee T . T N
AN . .
6 * ...:' .o -+ -+ . —
WL .
o .
L 9 4 € a -
. L
4l . <. 4 4 4
z ol -1 1 e
3] .
4
g - | 1 |
g , 1 1 1 i S R 1 L 1 ’
g 6 T —T T T T T T T T
Z
g r Na,0 K,0 + Tio 4
W X 2 2 . A
o4r +o e e -+ I =
(3] Lt -9 e’ o .
E r * o 0: chaee \ . .- -+ e T T
X . . . . s
° °° . . L ) . *
2L . 1 '. €1 . -
. .°. o ¢ g0 .D..o 2 . RN
° e
0 ! 1 1 Y 1 L I J C e
50 70 80 50 60 70 80
19 T T T .
. Si0, CONTENT, IN WEIGHT PERCENT
| + ALO,
'x» On EXPLANATION
7 : y . * 7 X  Average of 3 analyses, "Upper Clarno” Formation of Oles and Enlows {1971)
. .". ., 0 + Average of 4 analyses, "Lower Clarno" Formation of Oles and Enlow§ {1971)
T . .'_-'.,":: s 7 O Average of 6 analyses of porphyritic andesite (Noblett, 1981)
: ol LAY A Average of 6 analyses of nonporphyritic andesites (Noblett, 1981)
L .t e Tele ] O One analysis of hornblende andesite (Noblett, 1981)
'.. L . . ® One analysis of “quartz basalt™ (Calkins, 1902)
. . : = *  Analyses from Rogers and Novitsky~Evans (1877)
L] S TS
11 1 ) !
50 60 70 80

$iO, CONTENT, IN WEIGHT PERCENT

FIGURE 2.5.—Harker diagrams of major oxides in rocks of the Clarno Formation. From Rogers and Novitsky-Evans (1977), with
additions from Calkins (1902), Oles and Enlows (1971), and Noblett (1981).



26 CENOZOIC GEOLOGY OF THE BLUE MOUNTAINS REGION

coeval Challis and Absaroka Voleanics, which are under-
lain by cratonic rocks, are separate and genetically
unrelated to this early Cenozoic arc and, thus, to the
Clarno Formation. Further discussion of the relations of
early Cenozoic volcanism to tectonism is presented in
chapter 6.

SOURCE VENTS

Most of the eruptive centers that have been recognized
for Clarno Formation rocks are centered on or near the
axis of the Blue Mountains uplift (Swanson, 1969) and to
the south of this axis within the large Clarno outerop area
in Crook County (fig. 2.2). Some are located in areas to
the west near the Deschutes River (Waters, 1963a, b),
and others to the southeast of the axis of the Blue
Mountains uplift in Grant County (Brown and Thayer,
1966). Taylor (1977, p. 768) indicated that many of the
inferred vents are elongate intrusions oriented in a
northeast-southwest direction, “coincident with axes of
recurrent early Tertiary folding.” Many vents are ex-
posed in the area near Mitchell, Oreg., where they are
commonly represented by isolated intrusions (fig. 2.6)
that penetrate and disrupt Cretaceous sedimentary rocks
(Oles and Enlows, 1971). Several vent areas also have
been mapped in deep canyons of the Deschutes River and
its tributaries (Waters, 1968a, b) and in widely scattered
areas southeast of the axis of the Blue Mountains uplift in
Grant County (Brown and Thayer, 1966).

Most of the vent complexes are deeply eroded and now
consist largely of exhumed dikes, plugs, sills, and irreg-
ular intrusions of basaltic andesite or hornblende or
pyroxene andesite identical to the lava flows, flow

FIGURE 2.6.—Clarno-age conical andesitic plugs (White and Black
Buttes on horizon) in rounded and subdued topography eroded from
altered volcanic and voleaniclastic rocks of the Clarno Formation.
View westward down Bridge Creek toward Mitchell, Wheeler
County, Oreg. Elevation of White Butte (left) is 5,665 ft, and of Black
Butte (right) 5,080 ft.

breccias, and lahars that characterize most of the Clarno
Formation. A few vent complexes are less eroded and
consist of cinders, agglomerate, thin flows, and lahars
intruded by thin dikes and sills.

Domal masses of rhyolite and dacite, as well as related
near-vent silicic breccias, deposits of pumice blocks, and
coarse pumice lapilli tuff, have been recognized in several
areas near the axis of the Blue Mountains uplift.

REFERENCES CITED

Arnold, C.A., 1952, Fossil Osmudaceae from the Eocene of Oregon:
Palaeontographica, v. 92, pt. B, p. 63-78.

Bond, J.G., 1978, Geologic map of Idaho: Moscow, Idaho Bureau of
Mines and Geology, scale 1:500,000.

Brooks, H.C., McIntyre, J.R., and Walker, G.W., 1976, Geology of the
Oregon part of the Baker 1° by 2° quadrangle: Oregon Department
of Geology and Mineral Industries Geologic Map Series Map
GMS-7, 25 p., scale 1:250,000.

Brown, C.E., and Thayer, T.P., 1966, Geologic map of the Canyon City
quadrangle, northeastern Oregon: U.S. Geological Survey Miscel-
laneous Geologic Investigations Map 1-447, scale 1:250,000.

Calkins, F.C., 1902, A contribution to the petrography of the John Day
Basin: University of California, Department of Geology Bulletin,
v. 3, p. 109-172.

Chaney, R.W., 1938, Ancient forests of Oregon—A study of earth
history in western America, in Cooperation in research: Carnegie
Institution of Washington Publication 501, p. 631-648.

Elemendorf, Jean, and Fisk, L.H., 1978, The age of the “Pilot Rock
flora,” Umatilla County, Oregon [abs.]: Geological Society of
America Abstracts with Programs, v. 10, no. 5, p. 215.

Enlows, H.E., and Parker, D.J., 1972, Geochronology of the Clarno
igneous activity in the Mitchell quadrangle, Wheeler County,
Oregon: Ore Bin, v. 34, no. 6, p. 104-110.

Evernden, J.F., Savage, D.E., Curtis, G.H., and James, G.T., 1964,
Potassium-argon dates and the Cenozoic mammalian chronology of
North America: American Journal of Science, v. 262, no. 2, p.
145-198.

Fiebelkorn, R.B., Walker, G.W., MacLeod, N.S., McKee, E.H., and
Smith, J.G., 1983, Index to K-Ar age determinations for the State
of Oregon: Isochron/West, no. 37, 60 p.

Fisher, R.V., 1967, Early Tertiary deformation in north-central Ore-
gon: American Association of Petroleum Geologists Bulletin, v. 51,
no. 1, p. 111-123.

Fisher, R.V., and Rensberger, J.M., 1972, Physical stratigraphy of the
John Day Formation, central Oregon: University of California
Publications in Geological Sciences, v. 101, 45 p.

Hanson, C.B., 1973, Geology and vertebrate faunas in the type area of
the Clarno Formation, Oregon [abs.]: Geological Society of Amer-
ica Abstracts with Programs, v. 5, no. 1, p. 50.

Heller, P.L., Peterman, Z.E., O'Nelil, J.R., and Shafiqullah, Muham-
mad, 1985, Isotopic provenance of sandstones from the Eocene
Tyee Formation, Oregon Coast Range: Geological Society of
America Bulletin, v. 96, no. 6, p. 770-780.

Hergert, H.L., 1961, Plant fossils in the Clarno Formation, Oregon:
Ore Bin, v. 23, no. 6, p. 55-62.

Hogenson, G.M., 1964, Geology and ground water of the Umatilla River
basin, Oregon: U.S. Geological Survey Water-Supply Paper 1620,
162 p.

Jones, R.W., 1982, Early Tertiary-age Kamiah Volcanics, north-central
Idaho, iz Bonnichsen, Bill, and Breckenridge, R.M., eds., Ceno-
zoic geology of Idaho: Idaho Bureau of Mines and Geology Bulletin
26, p. 43-52.



PALEOCENE(?), EOCENE, AND OLIGOCENE(?) ROCKS OF THE BLUE MOUNTAINS REGION 27

Knowlton, F.H., 1902, Fossil flora of the John Day Basin, Oregon: U.S.
Geological Survey Bulletin 204, 153 p.

Lipman, P.W., Prostka, H.J., and Christiansen, R.L., 1972, Cenozoic
volcanism and plate tectonic evolution of the Western United
States—Pt. I, Early and middle Cenozoic: Royal Society of
London Philosophical Transactions, ser. A, v. 271, no. 1218, p.
217-248.

Lux, D.R., 1982, K-Ar and “°Ar-**Ar ages of mid-Tertiary volcanic
rocks from the western Cascade Range, Oregon: Isochron/West,
no. 33, p. 27-32.

Manchester, S.R., 1981, Fossil plants of the Eocene Clarno Nut Beds:
Oregon Geology, v. 43, no. 6, p. 75-81.

McKee, T-M., 1970, Preliminary report on fossil fruits and seeds from
the mammal quarry of the Clarno Formation, Oregon: Ore Bin, v.
32, no. 7, p. 117-132.

Mendenhall, W.C., 1909, A coal prospect on Willow Creek, Morrow
County, Oregon, in Contributions to economic geology, 1907—Pt.
II, Coal and lignite: U.S. Geological Survey Bulletin 341, p.
406-408.

Merriam, J.C., 1901, A contribution to the geology of the John Day
Basin [Oreg.]: University of California, Department of Geology
Bulletin, v. 2, p. 269-314.

Muntzert, J.K., 1969, Geology and mineral deposits of the Brattam
district, Lake County, Oregon: Corvallis, Oregon State Universi-
ty, M.S. thesis, 70 p.

Noblett, J.B., 1981, Subduction-related origin of the volcanic rocks of
the Eocene Clarno Formation near Cherry Creek, Oregon: Oregon
Geology, v. 43, no. 7, p. 91-99.

Oles, K.F., and Enlows, H.E., 1971, Bedrock geology of the Mitchell
quadrangle, Wheeler County, Oregon: Oregon Department of
Geology and Mineral Industries Bulletin 72, 62 p.

Peck, D.L., 1964, Geologic reconnaissance of the Antelope-Ashwood
area, north-central Oregon: U.S. Geological Survey Bulletin
1161-D, 26 p.

Peck, D.L., Griggs, A.B., Schlicker, H.G., Wells, F.G., and Dole,
H.M., 1964, Geology of the central and northern parts of the
western Cascade Range in Oregon: U.S. Geological Survey
Professional Paper 449, 56 p.

Pigg, J.H., Jr., 1961, The lower Tertiary sedimentary rocks in the Pilot
Rock and Heppner areas, Oregon: Eugene, University of Oregon,
M.S. thesis, 67 p.

Riccio, J.F., 1978, Preliminary geothermal resource map of Oregon:
Oregon Department of Geology and Mineral Industries Geologic
Map Series Map GMS-11, scale 1:50,000.

Robinson, P.T., 1975, Reconnaissance geologic map of the John Day
Formation in the southwestern part of the Blue Mountains and
adjacent areas, north-central Oregon: U.S. Geological Survey
Miscellaneous Investigations Series Map I-872, scale 1:125,000.

Robinson, P.T., and Brem, G.F., 1981, Guide to geologic field trip
between Kimberly and Bend, Oregon, with emphasis on the John
Day Formation, in Johnston, D.A., and Donnelly-Nolan, Julie,
eds., Guides to some volcanic terranes in Washington, Idaho,
Oregon, and northern California: U.S. Geological Survey Circular
838, p. 29-40.

Rogers, J.J.W., 1966, Coincidence of structural and topographic highs
during post-Clarno time in north-central Oregon: American Asso-
ciation of Petroleum Geologists Bulletin, v. 50, no. 2, p. 390-396.

Rogers, J.J.W., and Novitsky-Evans, J.M., 1977, The Clarno Forma-
tion of central Oregon, U.S.A.—Volcanism on a thin continental
margin: Earth and Planetary Science Letters, v. 34, no. 1, p.
56-66.

Rogers, J.J.W., and Ragland, P.C., 1980, Trace elements in continen-
tal-margin magmatism—Pt. I, Trace elements in the Clarno
Formation of central Oregon and the nature of the continental

margin on which eruption occurred: Geological Society of America
Bulletin, v. 91, pt. 2, no. 4, p. 1217-1292.

Scott, R.A., 1954, Fossil fruits and seeds from the Eocene Clarno
Formation of Oregon: Palaeontographica, v. 96, pt. B, no. 3-6, p.
66-97.

Shorey, E.F., 1976, Geology of part of southern Morrow County,
northeast Oregon: Corvallis, Oregon State University, M.S.
thesis, 131 p.

Stirton, R.A., 1944, A rhinoceros tooth from the Clarno Eocene of
Oregon: Journal of Paleontology, v. 18, no. 3, p. 265-267.

Swanson, D.A., 1969, Reconnaissance geologic map of the east half of
the Bend quadrangle, Crook, Wheeler, Jefferson, Wasco, and
Deschutes Counties, Oregon, in Geological Survey Research,
1968: U.S. Geological Survey Miscellaneous Geologic Investiga-
tions Map I-568, scale 1:250,000.

Swanson, D.A., and Robinson, P.T., 1968, Base of the John Day
Formation in and near the Horse Heaven mining district, north-
central Oregon, in Geological Survey Research, 1968: U.S. Geo-
logical Survey Professional Paper 600-D, p. 154-161.

Taylor, E.M., 1960, Geology of the Clarno Basin, Mitchell quadrangle,
Oregon: Corvallis, Oregon State University, M.S. thesis, 173 p.

1977, The Clarno Formation— A record of early Tertiary volcan-

ism in central Oregon [abs.]: Geological Society of America

Abstracts with Programs, v. 9, no. 6, p. 768.

1981, A mafic-dike system in the vicinity of Mitchell, Oregon, and
its bearing on the timing of Clarno~John Day voleanism and early
Oligocene deformation in central Oregon: Oregon Geology, v. 43,
no. 8, p. 107-112.

Thayer, T.P., and Brown, C.E., 1973, Ironside Mountain, Oregon—A
late Tertiary voleanic and structural enigma: Geological Society of
America Bulletin, v. 84, no. 2, p. 489-498.

Thiruvathukal, J.V., Berg, J.W., Jr., and Heinrichs, D.F., 1970,
Regional gravity of Oregon: Geological Society of America Bulle-
tin, v. 81, no. 3, p. 725-738.

Trauba, W.C., 1975, Petrography of pre-Tertiary rocks of the Blue
Mountains, Umatilla County, northeast Oregon: Corvallis, Oregon
State University, M.S. thesis, 171 p.

Walker, G.W., 1973, Reconnaissance geologic map of the Pendelton
quadrangle, Oregon and Washington: U.S. Geological Survey
Miscellaneous Investigations Series Map I-727, scale 1:250,000.

———1980, Preliminary report on the geology of the Lakeview
uranium area, Lake County, Oregon: U.S. Geological Survey
Open-File Report 80-532, 33 p.

Waters, A.C., 1954, John Day Formation west of its type locality:
Geological Society of America Bulletin, v. 65, no. 12, p. 120.
———1968a, Reconnaissance geologic map of the Dufur quadrangle,
Hood River, Sherman, and Wasco Counties, Oregon: U.S. Geo-
logical Survey Miscellaneous Geologic Investigations Map I-555,

scale 1:125,000.

1968b, Reconnaissance geologic map of the Madras quadrangle,
Jefferson and Wasco Counties, Oregon: U.S. Geological Survey
Miscellaneous Geologic Investigations Map I-556, scale 1:125,000.

Waters, A.C., Brown, R.E., Compton, R.R., Staples, L.W., Walker,
G.W., and Williams, Howel, 1951, Quicksilver deposits of the
Horse Heaven mining district, Oregon: U.S. Geological Survey
Bulletin 969-E, p. 105-149.

Wilson, P.M., 1973, Petrology of the Cenozoic volcanic rocks of the
basal Clarno Formation, central Oregon: Houston, Tex., Rice
University, M.A. thesis, 47 p.

Woodburne, M.O., and Robinson, P.T., 1977, A new late Hemingfor-
dian mammal fauna from the John Day Formation, Oregon, and its
stratigraphic implications: Journal of Paleontology, v. 51, no. 4, p.
750-757.







3. EOCENE(?), OLIGOCENE, AND LOWER MIOCENE ROCKS OF
THE BLUE MOUNTAINS REGION

By PauL T. RoBINsON', GEORGE W. WALKER, and Epwin H. McKEE

CONTENTS
Page
Abstract 29
Introduction 29
John Day Formation 30
Definition 30
Base 30
Stratigraphy - - - 34
Eastern facies———--- 34
Lower member- - - 34
Middle member- —_— 38
Upper member- - - 38
Southern facies - -——= 39
Western faci 40
Member A 40
Member B 41
Member C 43
Member D 44
Member E 44
Member F 44
Member G 45
Member H. -—— 47
Member I _— 47
Northern subfacies 48
Mutton Mountains subfacies -—- 51
Isolated rhyolite domes and flows———————————————— 52
Composition - 53
Age- 54
Structure- 56
Origin: 58
Unusual rocks of John Day age-————- 59
References cited- 60

ABSTRACT

A distinctive assemblage of tuffaceous sedimentary rocks, air-fall and
ash-flow tuffs, and sparse lava flows crops out widely in north-central
Oregon. The sequence is mainly Oligocene and early Miocene in age and
lies between the Clarno Formation below and the Columbia River
Basalt Group above. Most of the rocks in this sequence have been
assigned to the John Day Formation, but a few are of uncertain age or
affinity.

ICentre for Marine Geology, Dalhousie University, Halifax, Nova Scotia, Canada.

Three lithologic facies are recognized in the John Day Formation. An
eastern facies that crops out east of the Blue Mountains uplift consists
of tuffaceous claystone, fine-grained air-fall tuff, and a single ash-flow
sheet in the middle part of the section. The western facies, which occurs
between the Blue Mountains uplift and the Cascade Range, consists of
tuffaceous claystone, coarse-grained tuff, and numerous interlayered
ash-flow sheets and lava flows. A southern facies, lithologically similar
to the eastern facies, crops out south of the Ochoco Mountains.
Correlations between these facies are based on radiometric ages and
vertebrate faunas.

The John Day Formation is compositionally heterogeneous. Most of
the tuffaceous claystone and air-fall tuffs have pyrogenetic mineralogies
indicating an original andesitic or dacitic composition. This air-fall
material is believed to have been erupted from vents in what is now the
western Cascade Range and thus provides a record of early Cascade
volcanism. The interlayered ash-flow sheets are all rhyolitic and are
believed to have been erupted from vents east of the present-day
Cascade Range, such as those in the Mutton Mountains. Lava flows in
the John Day Formation range in composition from alkali olivine basalt
to rhyolite and are clearly derived from local vents scattered through-
out the outcrop area.

Well-documented radiometric ages for the John Day Formation range
from 37.4+1.1 t0 22.7+2.7 Ma, in good agreement with the faunal ages.

A few unusual sequences in north-central Oregon have ages equiva-
lent to the John Day Formation but andesitic lithologies more typical of
the Clarno Formation, suggesting some overlap in these two different
styles of volcanism.

INTRODUCTION

In northern and northeastern Oregon, rocks mainly of
Oligocene and early Miocene age form a distinctive
sequence lying between the Eocene and lowermost
Oligocene(?) Clarno Formation and the lower Miocene
and younger Columbia River Basalt Group. In a few
places, where flows of the Columbia River Basalt Group
pinch out on the mainly Oligocene and lower Miocene
rocks, the sequence is overlain unconformably by middle
Miocene tuffs and tuffaceous sedimentary rocks. Rocks of
the sequence crop out chiefly on the two flanks of the Blue
Mountains uplift and in an area south of the Ochoco
Mountains. There are major differences in lithology and
stratigraphy among these outcrop areas, but the differ-
ent sections can be correlated on the basis of distinctive
fossil flora and fauna and numerous isotopic ages.

The mainly Oligocene and lower Miocene sequence
consists chiefly of intermediate and silicic air-fall tuffs

29
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and tuffaceous sedimentary rocks, locally accompanied
by abundant ash-flow tuffs, mafic lava flows, and silicie
flows and domes. Most of these rocks have been assigned
to the John Day Formation, which is distinguished from
the underlying Clarno Formation largely on the basis of
lithology, composition, and age (see chap. 2). In addition,
the John Day Formation consists of well-layered and
laterally continuous units, whereas the Clarno Formation
has no throughgoing stratigraphy. However, there is
some overlap between the two units in lithology and
possibly in age, and the boundary is not everywhere
obvious,

Because the bulk of the Clarno Formation is andesitie
in composition, isolated rhyolite flows and domes that
overlie or intrude Clarno lavas have generally been
assigned to the John Day Formation (Waters and others,
1951; Waters and Vaughan, 1968a, b). However, a few
isotopic ages suggest that most of these bodies are
Eocene in age and should be included in the Clarno
Formation. In a few localities, such as the Horse Heaven
mining district, these rhyolitic rocks are overlain uncon-
formably by the oldest ash-flow tuffs of the John Day
Formation (Swanson and Robinson, 1968); in others, they
are commonly mantled with 1 to 2 m of red saprolite, such
as is found locally at the top of the Clarno Formation.

More puzzling are isolated sequences of andesitic lava
flows of typical Clarno lithology and interlayered rhyo-
litic voleaniclastic rocks whose isotopic ages are signifi-
cantly younger than the oldest ages obtained thus far for
the John Day Formation. Some of these enigmatic
sequences (for example, that at Smith Rock, which has
been dated at 30.8+0.5 Ma) may be unconformably
overlain by rocks of the upper part of the John Day;
others are isolated masses whose structural and strati-
graphic relations are unknown. If the young ages can be
substantiated, they imply some temporal overlap of
Clarno-type volcanism and John Day volecanism. Al-
though physical interfingering of the two units has yet to
be demonstrated, such overlap is considered possible
because the Clarno Formation was erupted from vents
within its outcrop area, whereas the bulk of the John Day
Formation was probably derived from vents farther
west.

JOHN DAY FORMATION

DEFINITION

The name “John Day Formation” was first used by
Marsh (1875) for a sequence of fossiliferous, supposedly
lacustrine sedimentary rocks exposed along the banks of
the John Day River (Condon, 1871). Merriam (1901)
defined the formation as a sequence of varicolored tuffs
and tuffaceous sedimentary rocks, approximately 350 m

thick, lying between the older Clarno Formation and the
younger, then-named Columbia River Basalt. Merriam
did not designate a type section, but most of the outcrops
he described lie along the John Day River between
Kimberly and Picture Gorge, the area generally consid-
ered to be the “type” area® of the formation (Fisher and
Rensberger, 1972).

Rocks of John Day lithology and age are widespread in
north-central Oregon, in three principal areas: (1) an
eastern area, including the “type” area, that extends
along the east flank of the Blue Mountains uplift from the
vicinity of Mitchell nearly to La Grande; (2) a western
area lying between the Blue Mountains uplift and the
Cascade Range; and (3) a southern area lying along the
south flank of the Ochoco Mountains, generally between
Prineville and Paulina (figs. 3.1, 3.2). The rocks in these
three areas can be considered different facies of the
formation.

In the eastern area, the formation has a maximum
aggregate thickness of approximately 750 m and consists
chiefly of fine-grained air-fall tuff and tuffaceous clay-
stone (Calkins, 1902; Coleman, 1949; Fisher and Wilcox,
1960; Hay, 1962a, 1963; Fisher and Rensberger, 1972). A
conspicuous rhyolitic ash-flow sheet, the informally des-
ignated Picture Gorge ignimbrite of Fisher (1966a), lies
near the middle of the formation. Rocks in the southern
area are similar to those of the eastern facies and consist
chiefly of fine-grained, voleaniclastic sedimentary rocks,
with one conspicuous ash-flow sheet near the middle of
the sequence. In the area south of Prineville is a second
ash-flow sheet, which lies near the base of the formation
(Waters and Vaughan, 1968a, b). In the western area,
however, the rocks of the formation are much coarser
grained and consist chiefly of lapilli tuff and tuffaceous
sedimentary rocks, with numerous interbedded ash-flow
sheets and lava flows of rhyolitic, basaltie, and trachy-
andesitic composition. The aggregate thickness in the
western area is nearly 1,200 m, but individual sections
rarely exceed 500 m in thickness.

BASE

In gross lithology the Clarno and John Day Formations
are quite distinct; the Clarno consists chiefly of flows and
breccias of pyroxene andesite and basalt (see chap. 2),
and the John Day of dacitic to rhyolitic tuffs, tuffaceous
sedimentary rocks, and flows. In detail, however, there
is considerable overlap in composition, and it is commonly
difficult to distinguish the two formations on the basis of

2No formal type section or type locality has been established for the John Day Formation.
Most investigators generally consider the section exposed between Picture Gorge and Kimberly
as typical of the formation.



lithology alone. For example, trachyandesite and alkali
olivine basalt flows are common in both the lower part of
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the John Day Formation (Peck, 1961, 1964; Robinson,
1969, 1975) and the upper part of the Clarno Formation

I

Approximate boundary
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FIGURE 3.1. —Index map of Blue Mountains region, showing study area and localities mentioned in text.
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Smith Rock
Twickenham
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(Robinson, 1969). Silicic flows and volcaniclastic rocks
similar to those of the John Day Formation are loecally
abundant in the Clarno Formation, particularly in the
Monument quadrangle (Wilcox and Fisher, 1966) and in
the Painted Hills area northwest of Mitchell. Tuffs and
tuffaceous sedimentary rocks are abundant in the Clarno
Formation in the Horse Heaven mining district (Waters
and others, 1951) and in the vicinity of Muddy Ranch, and
small outerops of ash-flow tuff also are locally present
(Oles and Enlows, 1971; Taylor, 1960).

After deposition of the Clarno Formation, an episode of
weathering and erosion resulted in a moderately hilly
terrain with as much as 120 m of relief (Waters, 1954).
This surface became locally mantled with a red lateritie-
soil zone (saprolite) ranging from a few centimeters to as
much as 150 m in thickness (Waters and others, 1951;
Hay, 1962a, 1963; Fisher, 1964). In many parts of the
eastern outerop area, this soil zone is a distinct lithologic
unit that marks the contact between the Clarno and John
Day Formations. However, this unit must be interpreted
with care because similar soil zones occur at several
levels within the Clarno Formation (Waters and others,

122° 121°

1951; Swanson and Robinson, 1968), and in numerous
localities the deep-red claystones of the basal part of the
John Day Formation rest directly on the post-Clarno soil
zone, making it difficult to pinpoint the contact. Hay
(1962a) suggested placing the contact in such areas just
below the first appearance of pyrogenetic minerals.

In the western facies, the soil zone at the top of the
Clarno is thin or missing altogether. There, the base of
the John Day Formation is located at the base of an
extensive rhyolitic ash-flow sheet that unconformably
overlies andesitic and basaltic flows and breccias of
typical Clarno lithology (Peck, 1961, 1964; Swanson and
Robinson, 1968; Robinson, 1975). Two K-Ar ages of 37.4
and 37.1 Ma indicate that this ash-flow sheet is latest
Eocene (Palmer, 1983) in age (table 3.1); the 1-Ma error
bars for these ages straddle the Eocene-Oligocene bound-
ary at 36.6 Ma.

The position of the contact between the Clarno and
John Day Formations in the Blue Mountains uplift
between the eastern and western facies is not so clearly
established. Waters and others (1951), working in the
Horse Heaven mining district, designated a saprolite-
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FIGURE 3.2. — Approximate outcrop extent of the John Day Formation in north-central Oregon. Dashed lines enclose areas of known outcrops;
dotted lines enclose areas where rocks of probable John Day affiliation are present. Formation also extends an unknown distance to the north

beneath the Columbia River Basalt Group.



TABLE 3.1.— Potassium-argon ages for the John Day Formation, Oregon
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[do. and Deo., ditto)
Sample Unit Rock type Material Age (Ma) Reference

Eastern facies
KA1384 Lower member Claystone Adularia 21.6 Evernden and others (1964).
KA845 do. Basalt ‘Whole rock 31.5 Do.
KA489 do. Tuff Sanidine 31.1 Do.
Unknown do. do. do. 26.7 Curtis and others (1961).

25.7
KA647A Unknown do. do. 233 Evernden and others (1964).
648-456 Lower member do. do. 26.810.4 This chapter.
PTR-71-11 Picture Gorge Ash-flow tuff Plagioclase 26.9+2.3 Do.
ignimbrite.

KA648 do. Obsidian Whole rock 25.5 Evernden and others (1964).
KA649A Unknown Unknown Albite 249 Do.

Southern facies
648-625A Lower member Ash-flow tuff Plagioclase 32.140.7 This report.

‘Western facies
KA1384 Lower member Bentonite Sanidine 32.0 Evemden and others (1964).
DAS-66-208 Member A Ash-flow tuff do. 37.411.1 Swanson and Robinson (1968).
DAS-66-195 do. do. do. 37.1+1.0 Fiebelkorn and others (1983).
PTR-71-10 Member G do. do. 30.5+0.4 This chapter.
648-584 do. do. do. 28.610.5 Do.
648-34B do. do. do. 28.140.5 Do.
648-552 do. do. do. 27.04£0.3 Do.
PTR-71-5A Member H do. Plagioclase 30.940.7 Do.
PTR-71-6 Member I do. do. 27.740.3 Do.
Rob Tuf 3 do. Tuff do. 23.413.3 Do.
Rob Tuf 1 do. do. do. 22.782.7 Do.

Miscellaneous outcrops

PTR-719A Snowboard Ash-flow tuff Plagioclase 57.0 This chapter.
2/UT225 Powell Buttes Rhyolite Whole rock 30.1%1.1 Evans and Brown (1981).
PB-5/AH-34 do. do. Anorthoclase 28.311.0 Do.
648-623B do. do. Sanidine 25.810.2 This chapter.
CC-1 Unknown do. Anorthoclase 28.1£5.0 Walker (1973).
GWW-56-69 do. Vitrophyre Biotite 27.7£0.8 Do.

mantled unconformity as the top of the Clarno Formation
and referred to younger andesitic and rhyolitic flows as
“post-Clarno,” possibly equivalent to John Day rocks
elsewhere. However, Swanson and Robinson (1968)
found that the basal ash-flow sheet of the western facies
of the John Day, which is latest Eocene(?) and earliest
Oligocene in age, unconformably overlies the post-Clarno
rocks of the Horse Heaven mining district. In addition,
one of the post-Clarno rhyolites has a K-Ar age of
42.1+0.8 Ma® (Swanson and Robinson, 1968), well within

the age limits of the Clarno Formation. Because of these
relations, Swanson and Robinson (1968) included the
post-Clarno rocks of the Horse Heaven distriet in the
Clarno Formation and suggested that the saprolite zone
in this area marks a local unconformity within that unit.

*Their original published age was somewhat less than the value given here; this older age was
obtained by applying abundance and decay constants acceptable in 1982 (Steiger and Jiger,
1977) to the original analytical data.
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Such local unconformities are common in the Clarno
Formation, and no means has yet been found to distin-
guish individual saprolites. Thus, outside the “type” area
of the John Day Formation in the eastern facies, the
presence or absence of a red saprolite is not a reliable
guide to the position of the Clarno-John Day contact.

STRATIGRAPHY

EASTERN FACIES

Merriam (1901) originally divided what he called the
John Day Series (or Formation) in the study area into
three units based primarily on color: (1) a lower unit
consisting chiefly of deep-red clays and tuffs, (2) a middle
unit composed of bluish-green tuffs that crop out in
rounded hills or pinnacled cliffs, and (3) an upper unit of
buff-colored material containing abundant sand and grav-
el.

Fisher and Rensberger (1972) proposed a somewhat
similar fourfold subdivision of the John Day Formation
(fig. 3.3), from oldest to youngest: (1) the Big Basin
Member, composed of deep-red claystones and approxi-
mately comparable to Merriam’s lower unit; (2) the
Turtle Cove Member, composed chiefly of green, buff, or
red zeolitized tuff; (3) the Kimberly Member, consisting
of light gray to buff unzeolitized tuff; and (4) the
Haystack Valley Member, a sequence of fluviatile, lacus-
trine, and air-fall gray unzeolitized tuff. Both of these
subdivisions are based on diagenetic features, chiefly
color and the presence or absence of zeolites, and thus
have limited stratigraphic significance. For example,
Hay (1962a) showed that the red claystones in the lower
part of the John Day Formation were in part derived
from the underlying saprolite locally present at the
Clarno-John Day contact. Likewise, Hay (1963) and
Fisher and Rensberger (1972) showed that the boundary
between the zeolitized and fresh-glass facies in the
formation is an irregular surface that cuts across strati-
graphic boundaries. For these reasons, we prefer the
threefold subdivision of Hay (1962a, 1963) for the eastern
facies of the John Day Formation, which is based on the
presence of a widespread ash-flow sheet (Picture Gorge
ignimbrite) near the middle of the formation (fig. 3.4).
The lower member, approximately 335 m thick, consists
chiefly of tuffaceous claystone and tuff, with sparse,
small, interbedded flows of olivine basalt. The (informal)
Picture Gorge ignimbrite is a compound cooling unit of
rhyolitic tuff, ranging from about 3 to 85 m in thickness.
The upper member consists of about 400 to 500 m of
yellowish-gray to olive-gray tuffaceous claystone and
vitric tuff, with local accumulations of reworked tuff and
conglomerate near the top.

Detailed stratigraphic descriptions of the eastern fa-
cies were presented by Hay (1962a, 1963) and by Fisher
and Rensberger (1972), and so only a brief discussion is
given below.

LOWER MEMBER

The lower member of the John Day Formation consists
chiefly of thick-bedded, massive tuffaceous claystone,
with thin interlayered beds of air-fall tuff and small flows
of alkali-olivine basalt. At the base of the formation along
Rowe Creek, just north of Twickenham, a 15-m-thick
ash-flow tuff overlies a red saprolite developed on ande-
sitic lava flows of Clarno lithology. This white to light-
gray, strongly welded eutaxitic tuff contains 5 to 10
percent crystals, chiefly sanidine, quartz, and oligoclase.
On the basis of its mineralogy (table 3.2) and stratigraph-
ic position, this tuff was tentatively correlated with the
basal ash-flow sheet of member A of the western facies by
Hay (1962a, 1963), Swanson and Robinson (1968), and
Robinson (1975).

Most claystone in the lower member is pale brown to
reddish brown; some is green, yellowish green, or olive
gray. Brick-red claystone forms a distinctive basal layer,
which sometimes extends through the lower half of the
member. Hay (1962a) showed that some red claystone
consists of mixtures of weathered John Day ash and red
kaolinitic clay derived from the saprolite at the top of the
Clarno Formation; Fisher (1964), however, argued that
some of the red claystone formed in place by weathering
and diagenetic alteration.

In the overlying claystone, brown and yellow varieties
consist chiefly of montmorillonite, whereas the green
varieties contain abundant celadonite. All of the elay-
stone is tuffaceous, originally containing about 85 to 90
percent vitric material and 3 to 13 percent sand-size
crystals and silicic rock fragments (Hay, 1962a, 1963;
Fisher, 1968). The abundant andesine and sanidine crys-
tals in the claystone suggest an original dacitic composi-
tion for much of the pyroclastic material. The original
pumice fragments and shards have been extensively
altered to clay minerals and zeolites. Hay (1962a) sug-
gested that most of the lower member consists of vitric
material which accumulated slowly at the surface and
weathered to montmorillonite before burial. The zeolites
and other diagenetic minerals formed after burial.

Air-fall tuff interbedded with the claystone forms
light-gray, well-indurated layers, 2 cm to 3 m thick, that
crop out as slightly resistant ledges. Most of the tuff is
fine to medium grained and vitric and contains sparse
pumice lapilli as much as 5 mm across. Sanidine, sodic
plagioclase, and clinopyroxene make up 3 to 5 percent of
most of the tuff, and quartz is locally present. Silicic rock
fragments also are typically present in no more than 5
percent by volume.
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>
THICKNESS| S
UNIT (m) 2 DESCRIPTION
=
-
Picture Gorge - " — —
Basalt {part) Dark-gray, medium- to coarse-grained, ly porphyritic, col jointed flows
Haystack el Light-gray, well-bedded, ly crossbedded, unzeolitized, wffaceous conglomerate,
Valle! . sandstone, and lacustrine tuff containing abundant layers of light-gray, massive air-fall wff.
Y f ght-gray
Member ! Thick conglomerate layers common in lower third of member
Kimberly Light-gray, buff, or pale-greenish-gray, fine- to medium-grained, massive, unzeolitized
Member ! ——— wff. Rocks crop out in smooth grass-covered slopes
4504 <
——
5 400-{ ~~
b —-
13
5 —_— Greenish-gray, fine- to medium-grained, massive zeolitized wff and tuffaceous
< mod— - dimentary rocks ining thin resistant layers of white to light-gray wft
a —>—
£ T
] - ~ Cream-colored, ledge-forming air-fall wff composed of fresh or altered glass shards.
Unit referred to as the Deep Creek Tuff by Fisher (1962, 1963)
Greenish-gray, fine- to medium-grained, massive zeolitized tuff and wffaceous claystone
rocks containing thin resistant layers of white to light-gray tuff
Turtle
Cove Two cooling units of varicolored, medium-grained welded tff and Japilli wuff. Gray
Member ' vitrophyres locally present at base of each cooling unit. Upper parts altered to
ember light-brownish-gray claystone. Contains 2-10 percent pumice lapilli, 1-2 percent
rock fragments, and 1-2 percent andesine crystals. Unit referred to as the
(informal) Picture Gorge ignimbrite by Fisher (1966a)

Dominanty green, fine- to medium-grained, massive, diagenetically altered wff and
tuffaceous claystone containing thin ledges of white air-fall tff. Crops out in
pinnacled and badiands topography. Contains rich vertebrate fauna

Deep-red to yellowish-brown, diagenetically altered, fine- to medium-grained tuffaceous

Big Basin claystone containing a few thin interbedded layers of gray to white wif. A 5-
9 1 7-m-thick layer of thin-bedded iacustrine tuff is locally present, and thin, discon-
Member tinuous olivine basalt flows may be present in the lower 25-30 m. Qutcrops are
fow, rounded hills mantied with clay soil having “popcorn” texture
Clarno Gray to reddish- or brownish-gray, commonly porphyritic andesite and basalt flows
Formation and breccias with interlayered tuffaceous sedimentary rocks. Typically contains
(part} red saprolite at top

" Unit of Fisher and Rensberger (1972). EXPLANATION

@ Mafic lava flows
Silicic ash-flow sheet

Tuff and tuffaceous D Covered areas
sedimentary rocks

FIGURE 3.3. —Generalized composite stratigraphic column for eastern facies of the John Day Formation in Kimberly, Oreg., area
(modified from Fisher and Rensberger, 1972).

Reworked tuff and
tuff siltstone

Tuffaceous conglomerate
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Basalt {part)

Upper
member

Middle
member

John Day Formation

Lower
member

Clarno Formation
{part)

THICK- UTH-
UNIT NESS 0LOGY DESCRIPTION
(m)
Picture Gorge . R "
800 — Dark-gray, medium- to coarse-grained, commonly porphyritic, columnar jointed flows

Yellowish-gray to olive gray, poorly sorted, fine- to medium-grained tuff laystone and vitric
wff. Contains 2-3 percent sodic plagiocliase crystals and 3-5 percent smail rock fragments.
Inciudes rare iayers of rhyolitic twff and tuff; laystone, and beds of well-
sorted, crossbedded tuff and tuff conglomerate, particularly near the top. Most glassy
material altered to clay minerals and zeolites. Rocks weather to smooth slopes or pinnacles
Corresponds to Haystack Valley Member and upper part of Kimberly Member of Fisher and
Rensberger (1972) of John Day Formation

500 ==

350

100

/" Coarse-grained rhyolitic air-fall wff containing abundant black obsidian shards, as much as 5 mm
long. Probably correlative with Deep Creek Tuff of Fisher (1962; 1963)

Light-gray to greenish-gray, massive, poorly sorted, fine- to medium-grained tuffaceous claystone
with some layers of white tuff. Weathers to pinnacles. Corresponds to part of Turtle Cove
Member of Fisher and Rensberger (1972) of John Day Formation

Brownish-gray, coarse-grained, weakly to densely welded, rhyolitic ash-flow sheet with well-
developed eutaxitic texture. Two cooling units present, locally marked by basal vitrophyres.

A Contains abundant pumice blocks as large as 25 cm across, blocks of rhyolitic glass, sparse

A A rock fragments, and 1-2 percent sodic plagioclase crystals. Ash-flow sheet typically underlain
“ by thin layer of air-fall tff. Unit referred to as (informal) Picture Gorge ignimbrite by Fisher
e {1966a)

- Yellowish-gray, massive, poorly bedded, tuff lay with nt resistant fedges of

white tuff. Glassy material mostly zeolitized. Contains 1-2 percent plagioclase crystals and
sparse rock fragments

Thin air-fall wff with abundant soda sanidine phenocrysts, as large as 4 mm across. Probably
correlates with member G of western facies of John Day Formation

Chiefly yellowish-gray, massive, poorly bedded, zeolitized, tffaceous claystone with some layers of
white air-fall twff. Contains sparse plagioclase crystals and small rock fragments. Corresponds
to lower part of Turtle Cove Member of Fisher and Rensberger (1972) of John Day Formation

Red or yellowish-brown, massive, poorly bedded tuffaceous claystone with thin layers of air-fall

wif. Includes thin-bedded, reworked tuffs, carbonaceous shales, lignites, and sparse basalt
= flows in lower parts. Contains well-known Bridge Creek flora {Chaney, 1927). Corresponds 1o
Big Basin Member of Fisher and Rensberger {1972} of John Day Formation

plagioclase, sanidine, and quartz. Tentatively correlated with member A of western facies of
John Day Formation
~ Gray to reddish- or brownish-gray, commenly porphyritic andesite and basalt flows and breccias

/ Cream-colored, highly altered, moderately welded ash-fiow wff. Contains 5-15 percent crystals of

with interlayered tuffaceous sedimentary rocks. Typically contains red saprolite at top

FIGURE 3.4. —Generalized composite stratigraphic column for eastern facies of the John Day Formation in Painted Hills, Oreg., area (modified

EXPLANATION
" — _—— | Rewaorked wff and
@ Mafic lava flows === Tuflaceous sitstone
\\,r\\‘\)(‘ Silicic ash-flow sheet Tuffaceous conglomerate

Tuff and tuffaceous
sedimentary rocks

Lapilli wff

Air-fafl tuff

from Hay, 1962a; 1963).
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TABLE 3.2. —Compositions of feldspars in the lower ash-flow sheet of member A, John Day Formation

[Oxide values in weight percent; tr, trace; n.d., not determined. Values for end-member components (An, anorthite; Ab, albite; Or, orthoclase; Cn, celsian) in

molecular percent]
Plagioclase Sanidine
Sample - 648-1A 648-1B 648-1B 71-8 71-8 648-1A 648-1B 71-8
No. of grains —-—-—--—o- 2 1 1 1 2 3 3 4
Major oxides
Si0g--—ee e 63.67 61.22 63.63 61.88 63.21 65.00 65.00 64.43
A0z - - 2237 23.89 2221 23.51 22.58 19.31 18.68 19.38
Ca0---— e — 412 6.14 3.99 545 4.18 40 37 40
Na)O—-——--o——  8.12 7.52 7.89 6.56 6.74 4.61 4.35 4.35
K90 - —  1.54 .90 1.59 1.04 1.54 9.03 9.62 9.15
MgO-m e — tr nd. tr tr tr tr n.d. nd.
FeO o — 13 20 .08 31 17 .05 .05 .07
J 40— - .03 nd. 11 .03 03 nd. tr tr
BaO - .24 .10 .06 .28 14 2.01 1.45 1.99
Total ------------—-- 100.22 99.98 99.59 99.07 98.59 10041 99.52 99.77
End-member components

An-eeeeee- - 204 29.51 9.8 29.3 233 .20 19 21
Ab e — 7.1 65.4 70.8 64.0 66.9 42.9 40.2 41.0
or - 85 5.1 9.4 6.7 9.8 55.1 57.9 569
Cn e - — 4 2 1 5 3 32 2.6 37

A distinctive, coarse-grained, sanidine-rich, air-fall
tuff crops out widely in the upper third of the lower
member in the Painted Hills area. This unit is generally
0.5 to 1 m thick, but where it has been extensively
reworked it may be as much as 10 m thick. It typically lies
150 to 250 m above the base of the formation and 60 to 120
m below the Picture Gorge ignimbrite. The feldspar
crystals, which range from 1 to 4 mm in diameter and are
commonly mantled with myrmekitic overgrowths, are
soda sanidine with an average composition of about
OrgAbgAng (table 3.3; Hay, 1962b). On the basis of
textural and compositional similarities (table 3.3), this
tuff is correlated with the basal ash-flow sheet of member
G of the western facies (Peck, 1964). This correlation is
strengthened by the fact that from southwest to north-
east the ash-flow sheet of member G grades from a
welded tuff, through an unwelded ash-flow tuff, to an
air-fall tuff (Robinson, 1975).

The alkali-olivine basalt flows in the lower member are
generally 10 to 15 m thick and rarely extend more than a
few hundred meters along strike. Pahoehoe structures on

some flow surfaces (Hay, 1962a) and local accumulations
of agglomerate and breccia suggest subaerial emplace-
ment.

A 120-m-thick sequence of basalt flows capped by the
Picture Gorge ignimbrite is exposed in Donnely Basin
southeast of Service Creek. These flows were originally
assigned to the Clarno Formation by Lindsley (1961), but
Hay (1963) included them in the lower part of the John
Day Formation because of the freshness of the flows, the
similarity of the tuffs between the flows to the overlying
John Day Formation, and the chemical similarity of the
basalts to known John Day lavas. Although basalts of
similar composition are present in the Clarno Formation
elsewhere (Robinson, 1969), they are much more abun-
dant in the John Day Formation.

The basalts are typically fine or medium grained and
aphyric, with intersertal to subophitic or, rarely, inter-
granular textures. They consist chiefly of about equal
amounts of labradorite and titaniferous augite, 10 to 15
percent olivine, and 5 to 10 percent ilmenite and magne-
tite. Common interstitial alkali feldspar and biotite attest
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TABLE 3.3. —Composition of feldspars in the basal ash-flow sheet of member G, western facies, John Day Formation, and its
air-fall equivalent in the eastern facies

[Oxide values in weight percent; tr, trace; n.d., not determined; ---, not found. Values for end-member components (An, anorthite; Ab,
albite; Or, orthoclase; Cn, celsian) in molecular percent]

Ash-flow sheet Air-fall tuff
Sanidine Sanidine Plagioclase
Sample -~--m---------  648-34B 648-552 648-456 648-456 648-456
No. of graing ~-=--=--- 4 3 3 3 2
Major oxides
SiOg--r-eemeeeme 67.45 67.14 67.04 65.21 59.01
AlyO3---mmmmeeemae 1894 19.17 18.39 20.12 25.51
Ca0-—-—mmmmeemeeem .50 40 44 1.92 7.98
NagO—-—m 605 5.92 6.05 7.15 6.24
KO - mee- 7.3 7.65 7.50 4.47 .26
Y 0 MUNU—— — tr nd. n.d. tr .04
FeO—----mmmmmeeoeeee .15 .18 .16 .18 .37
TiOg -----meemeeee .07 .04 .04 .04 tr
BaO - 25 20 41 1.26 tr
Total--=--emm-aea=-  100.73 100.70 100.03 100.35 99.41
End-member components

PN PSS, I { 2.0 2.2 9.5 40.7
Ab —reeeeeeeeeee 543 53.0 53.8 64.1 571
(@) P —— 43.2 45.0 44.0 26.4 1.6
[ @ [ —————— — .5 3 8 22 -

to an alkalic composition. In most specimens, the olivine
is partly to completely replaced by clay minerals, and clay
minerals are also common in the groundmass. Chemical-
ly, these flows are high-titania, alkali olivine basalt
similar to widespread flows in the western facies (Lind-
sley, 1961; Hay, 1962a; Robinson, 1969).

MIDDLE MEMBER

The Picture Gorge ignimbrite, which forms the middle
member of the formation, is a compound ash-flow sheet
composed of two distinct cooling units and a thin basal
layer of air-fall tuff with an aggregate thickness ranging
from approximately 3 to 85 m. Fisher (1966a) estimated
that the ignimbrite layer originally covered an area of
approximately 5,000 km?, was thickest in the Mitchell-
Spray-Service Creek area, and thinned progressively to
the northeast. K-Ar ages on the unit are 26.9+3 and 25.5
Ma, or late Oligocene in age (table 3.1).

The two cooling units are texturally and mineralogi-
cally similar, with well-defined zonal structures (fig. 3.5;
Hay, 1963; Fisher, 1966a). Both contain abundant pumice
blocks, as much as 10 em in diameter, and irregular
fragments of black glass, as much as 5 em across. In
densely welded zones the pumice fragments are
stretched and as large as 25 cm, imparting a well-
developed eutaxitic texture.

Crystals and silicic rock fragments make up about 3
percent of typical specimens (table 3.4). The crystals are
chiefly sodie plagioclase (table 3.5), with lesser amounts
of sanidine, quartz, and green clinopyroxene. Hay (1963)
reported a few pseudomorphs after fayalitic olivine.

UPPER MEMBER

The upper member varies greatly in preserved thick-
ness, depending on the depth of erosion before eruption
of the overlying Columbia River Basalt Group. A maxi-



EOCENE(?), OLIGOCENE, AND LOWER MIOCENE ROCKS OF THE BLUE MOUNTAINS REGION 39

mum thickness between 400 and 520 m was recorded by
Hay (1963), but the member is thin or absent where
deeply eroded. This member is lithologically similar to
the upper part of the lower member and is composed
chiefly of tuffaceous claystone and vitric tuff, with small
amounts of sandstone and pebble to cobble conglomerate
near the top. The principal differences between the two
members are diagenetic. The upper member is lighter in
color and generally less altered than the lower. The
unzeolitized tuff of the upper member corresponds to the
Kimberly Member as defined by Fisher and Rensberger
(1972).

The claystone is poorly bedded, poorly sorted, and
massive and is generally light yellowish gray to light olive
gray in color. Crystals make up about 5 percent of typical
specimens and consist chiefly of andesine, with trace
amounts of clinopyroxene, magnetite, ilmenite, horn-
blende, and biotite. This mineral assemblage implies a
dacitic to rhyodacitic composition for the original pyro-
clastic material.

Air-fall tuff is commonly interbedded with the clay-
stone, particularly in the lower 175 m of the member. The
tuff is typically lighter gray and coarser grained than the
claystone and may contain abundant oligoclase. One

ZONE THICKNESS (m) DESCRIPTION
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COOLING UNIT 1
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—— — —Transitional contact— — —
UNWELDED TUFF
AIR-FALL TUFF

AIRFALL| 03

FIGURE 3.5. —Generalized columnar section of (informal) Picture Gorge
ignimbrite of Fisher (1966a, fig. 2).

distinctive air-fall layer (Deep Creek Tuff of Fisher,
1962, 1963) in the upper member erops out diseontinu-
ously. It lies 3 to 60 m above the Picture Gorge ignimbrite
and is as much as 10 m thick. It forms cream-colored
outcrops with internal lamination and platy parting and is
composed largely of glass shards easily visible in hand
specimen. In most outcrops the pyroclastic material is
altered to clinoptilolite, but fresh black glass is locally
preserved (Fisher and Rensberger, 1972).

Lenticular beds of reworked tuff and conglomerate are
interbedded with the claystone at several levels. These
layers are typically moderately to well sorted and com-
monly thin bedded and crossbedded. Conglomerate is
most abundant near the top of the formation and corre-
lates approximately with the Haystack Valley Member of
Fisher and Rensberger (1972). Clasts are chiefly of tuff
eroded from the upper member, but at a few localities
clasts of welded tuff and andesite also are present.

SOUTHERN FACIES

Little detailed work has been done in the southern
facies, which lies in a belt along the south side of the.
Ochoco Mountains from Prineville to Paulina. Reconnais-
sance studies indicate that this section is most like the
eastern facies and consists chiefly of fine-grained tuff and
tuffaceous claystone (Swinney and others, 1968; Waters,
1968¢; Waters and Vaughan, 1968a, b; Fisher and Rens-
berger, 1972). Two ash-flow sheets are interlayered with
the tuff in the vicinity of the Prineville Reservoir, but
farther east only one is present. Fossil faunas in the
southern facies are similar to those in the eastern facies
(Fisher and Rensberger, 1972).

Although the southern facies has not been formally
divided into members, the stratigraphy is similar to that
of the eastern facies. At the base of the section is a thin,
discontinuous saprolite locally overlain by red claystone
that corresponds approximately to the Big Basin Member
of Fisher and Rensberger (1972). The overlying tuff and
tuffaceous claystone can be divided into zeolitized and
unzeolitized zones that are similar to the Turtle Cove and
Kimberly Members, respectively. '

The lower welded tuff south of Prineville lies near the
base of the formation and either rests directly on Clarno
lavas or is separated from them by 50 to 100 m of altered
dacitic tuff. The ash-flow tuff is a light-gray to reddish-
gray, coarse-grained, stony rhyolite with a good eutaxitic
texture defined by flattened pumice fragments, as long as
10 em. Crystals make up 1 to 2 percent of the tuff and are
chiefly plagioclase with traces of magnetite and altered
biotite (table 3.4). The matrix is a microcrystalline
mixture of quartz and feldspar in which the original
vitroclastic texture has been largely obliterated. Many of
the larger pumice fragments have been zeolitized.
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TABLE 3.4. — Average modal compositions of ash-flow tuff sheets in the John Day Formation

[Component contents in volume percent. An content of plagiocl

in tr, trace; —, not found}

) 4

Rock unit ———oo—- 1

8 9 10

Groundmass
Rock fragments
Sanidine
Quartz
Plagioclase
Clinopyroxene
Homblende————————-
Biotite——————-————
Opaque mineral§~—-—-
Zircon
Apatite

97.3
1.7

93.8
5.4

98.6 96.2 9.1 99.3

~
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Unit:
1. Basal ash-flow sheet of member A, western facies (Swanson and Robinson, 1968).
2. Upper ash-flow sheet of member A, western facies (Swanson and Robinson, 1968).
3. Ash-flow tuff sheets of member E, western facies.
4. Basal ash-flow sheet of member G, western facies (Robinson and Brem, 1981).
5. Basal ash-flow sheet of member H, western facies.
6. Basal ash-flow sheet of member I, western facies.

7. Picture Gorge ignimbrite, lower cooling unit, eastern facies (Robinson and Brem, 1981).

8. Picture Gorge ignimbrite, upper cooling unit, eastern facies.
9. Ash-flow tuff north of Fossil, Oreg., northern subfacies.

10. Basal ash-flow tuff, southern facies.

11. Upper ash-flow tuff, southem facies.

The upper ash-flow sheet is about 10 m thick and
consists of light-gray to reddish-gray, densely welded,
fine-grained, generally stony tuff. Small pumice frag-
ments, about 1 em long, give the rock a crude eutaxitic
texture. Crystals are absent, but most specimens contain
1 to 2 percent small andesitic rock fragments (table 3.4).

Neither of these ash-flow sheets can be correlated with
welded tuffs in the eastern or western facies; these sheets
are believed to have originated from separate vents south
or southwest of the Ochoco Mountains.

WESTERN FACIES

The western facies crops out in a broad arc between the
Cascade Range and the Blue Mountains uplift (fig. 3.2;
see fig. 1.2). Only the upper part of the unit consists of
light-colored, massive tuff and tuffaceous sedimentary
rocks similar to those exposed between Kimberly and
Picture Gorge. The lower half consists chiefly of ash-flow
tuff, silicic and basaltic lava flows, and pumice lapilli tuff,
all of which were origimally included in the Clarno
Formation (Hodge, 1932a, b). Peck (1961, 1964) recog-
nized that these lower rocks rested unconformably on
andesitic flows of typical Clarno lithology and found a
fossil flora near the base of the sequence that indicated an

Oligocene age. For this reason, he included the lower
sequence in the John Day and subdivided the formation in
the Antelope-Ashwood area into nine members (A-H),
largely on the basis of the presence of ash-flow sheets and
lava flows (fig. 3.6). These members can be recognized
throughout the western facies (Robinson, 1975), except
in the Mutton Mountains and in the area between Fossil
and Lonerock. Qutcrops in these areas are separated
from those in the Antelope-Ashwood area, and the
stratigraphy is quite different.

MEMBER A

Member A consists of an upper and a lower ash-flow
sheet separated by about 30 m of tuff and pumice lapilli
tuff. The basal ash-flow sheet is areally extensive and
well exposed (Swanson and Robinson, 1968), but the
upper sheet is thin and discontinuous. Nearly complete
sections of member A crop out along the county road
about 3 km west of Ashwood, near the Horse Heaven
mining district, and near Hay Creek; elsewhere, only the
ash-flow sheets are well exposed.

In most outcrops, the basal ash-flow sheet forms a
prominent ledge composed of moderately to strongly
welded tuff with a well-developed eutaxitic structure.
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TABLE 3.5. —Compositions of feldspars in ash-flow tuff sheets of the John Day Formation

[Oxide values in weight percent; tr, trace. Values for end-member components (An, anorthite; Ab, albite; Or, orthoclase; Cn,

celsian) in molecular percent]
Member Member Tuff near
Picture Gorge Ignimbrite H 1 Fossil, Oreg.
No. of graing - 1 2 1 3 8 6
Major oxides

Si0y «--me-meeeeen 66.39 65.61 63.22 67.15 65.94 66.96
AlyO3 e 20.81 21.12 23.02 19.02 20.92 19.58
Ca0 —--—-—-—-- - 233 2.65 432 .26 241 A7
NayO -—-—=—- 8.96 8.85 8.24 6.07 9.22 6.55
K70 ——me— 1.65 1.42 .62 6.43 1.58 6.13
FeO ———r 24 .19 30 22 22 13
40 yYm— T tr tr .06 .04 .05
BaOQ - 31 28 25 30 32 37
(S 7 S —— 100.69 100.12 99.97 99.51 100.65 100.24

End-member components
An oo - 113 13.1 21.7 1.4 11.5 2.3
F N R — - 79.1 78.5 74.6 582 79.5 60.0
Oor ————— 96 8.4 3.7 40.4 9.0 37.7
(o) [p——— 6 5 5 6 6 7

Along the county road west of Ashwood, two cooling
units are clearly recognizable, each with a basal vitro-
phyre; elsewhere, separate cooling units cannot be dis-
tinguished. At one locality southeast of Antelope, the tuff
is red to purple and almost completely unwelded, but it
still is highly indurated.

The tuff contains about 10 percent phenocrysts, aver-
aging 1 to 2 mm in diameter (table 3.4). Although the
modal composition of the tuff varies considerably (Swan-
son and Robinson, 1968), there are no apparent system-
atic mineralogic or chemical differences between the two
cooling units. Corroded quartz bipyramids, from 0.5 to 3
mm in diameter, are the most common crystals, making
up 1 to 6 percent of the rock. Feldspar phenocrysts
average about 2 percent and include both sanidine and
sodic plagioclase. The sanidine crystals are euhedral to
slightly rounded prisms, ranging from 0.5 to 1 mm in
diameter. The sanidine is a soda-bearing variety contain-
ing 1 to 2 weight percent BaO (table 3.2). Plagioclase
occurs as subhedral, moderately zoned crystals of oligo-
clase that average about 1 mm in diameter.

Overlying the basal ash-flow sheet in many areas is a
1-m-thick layer of red tuff overlain by about 20 m of

poorly indurated, poorly bedded, white pumice lapilli
tuff, overlain, in turn, by about 15 to 20 m of very poorly
exposed red tuff and tuffaceous siltstone. Just below the
upper ash-flow sheet is a 1-m-thick layer of white, very
thin bedded, fine-grained tuff containing numerous leaf
impressions. In a few localities, this tuff is overlain by 2
to 3 m of thick-bedded tuff containing fossilized tree limbs
and trunks.

The upper ash-flow sheet is a light-brown to pinkish-
gray, fine-grained, densely welded tuff containing 1 to 2
percent plagioclase crystals and 1 to 2 percent small rock
fragments (table 3.4). A light-gray vitrophyre, as much
as 2 m thick, occurs locally at the base of the sheet, but
most of the unit is stony and contains very sparse
lithophysae. This ash-flow sheet has a maximum thick-
ness of about 50 m in exposures west of Ashwood.
Elsewhere, it rarely exceeds 10 m in thickness, and it is
much less continuous in outcrop than the lower sheet.

MEeMBER B

A series of dark-gray trachyandesite flows, which are
present in several separate outcrop areas, compose
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UNIT

THICK-
NESS
(m)

LITHOLOGY|

DESCRIPTION

Grande Ronde
Basalt {part)

Member

Member

Member
G

Member

John Day Formation

Member
E

Black, fine-grained, aphyric, columnar-jointed basalt flows

Uniform, thick-bedded to massive, tan to light-gray, moderately indurated tuff and
tuffaceous siltstone containing 1-2 percent small pumice fragments, 1-2 percent sodic
nlagioclase crystals, and 2-3 percent smali rock fragments. Glassy material mostly altered
to clay minerals and zeolites. Layer of bedded sandstone found locally at the base. Fossil
memmals are present in some sections

Light-gray to brownish-gray, coarse-grained, weakly to moderately indurated, rhyolitic ash-flow sheet. Con-
tains abundant large pumice fragments, smaller chips of glass, 1-2 percent sodic plagioclase crystals,
and 1-10 percent rock fragments. Locally contains two cooling units, each with basal vitrophyre of
black glass. Sparsely lithophysal in densely welded sections. Weakly welded sections typically glassy

Light-gray to light-brown, poorly bedded to massive, moderately indurated, fine-grained tuff and tuffaceous
siltstone with several layers of coarse-grained pumice lapilli tuff. Typically contains 2-10 percent pum-
ice fragments,1-2 percent sodic plagioclase crystals, and as much as 5 percent small rock fragments. Glassy
material completely altered to zeolites and clay minerals

Light-gray, orange-brown-weathering, fine-grained rhyolitic ash-flow sheet containing sparse pumice lapilli.
Locally contains abundant lithophysae; some ions have basal vitrophyre of light-gray glass. Contains
1-2 percent sodic plagioclase crystals

Tan to light-brown or grayish-brown, poorly bedded, moderately indurated tuff, sandy tuff, and coarse-grained
lithic lapilli tuff. Locally has thin flows of aphyric vesicular basalt and layers of scoriaceous material

Pink to reddish-brown, medium-grained, porphyritic, generally stony, ash-flow sheet. Some sections contain
gray basal vitrophyre, others contain sparse lithophysae. Contains 10-15 percent large, sodic-rich
sanidine and quartz crystals, 10-15 percent rock fragments, and sparse pumice lapill

Dark-gray, medium-grained, aphyric alkalic basalt flows containing interbads of white or red, commonly baked
pumice lapilli tuff and tuffaceous sedimentary rocks

Chiefly varicolored, poorly bedded, poorly indurated tuffaceous siltstone and claystone containing sparse plagio-
clase crystals. Weathers to “popcorn-textured" surface. Locally includes thin-bedded to laminated vitric tuff,
tuffaceous shale, white shaly tuff, and rare layers of coarse-grained, lithic lapilli tuff. Glassy material is
completely altered to clay minerals and zeolites

Reddish-brown, fine-grained, aphyric, strongly welded, generally stony, rhyolitic ash-flow sheet containing abun-
dant lithophysae, as much as 5 cm across. Locally has gray to yellowish-gray basal vitrophyre. Contains about
1 percent plagioclase and quarz phenocrysts. Conteins rare interlayered flows of dark-gray, medium-grained
alkalic baselt

Member D

Member
C

Member

Member

Clarno Formation
(part)

Di layers of light-gray to grayish-brown, poorly exposed, friable vitric tuff, lapilli wff, and minor tuf-
faceous siltstone. Locally includes unwelded ash-flow tuff

Light-gray to pinkish-gray, massive to flow-bended rhyolite flows. Flows contain as much as 2 percent sodic
nlagioclase phenocrysts, which weather to give rock pitted appeerance

Black, fine- to medium-grained, aphyric trachyandesite flows separated by thin layers of tuffaceous siltstone and
sandstone. Flows contein blocky and platy jointing and break into angular fragments 5-10 cm across. Tops of
some flows are vesicular or scoriaceous

Light-brown, fine-grained, densely welded, rhyolitic ash-flow sheet with weak eutaxitic texture. Gray vitrophyre
locally present at base. Contains 1-2 percent quartz and feldspar crystals and 1 percent smalt rock fragments

Very poorly exposed, cream-colored to light-gray, thick-bedded tuff, coarse lapilli tuff, and tuffaceous siltstone.
Contains sparse crystals and rock fragments. Locally contains shaly beds with leaf impressions near top
Light-gray, brownish-weathering, densely welded, coarse-grained rhyolitic ash-flow sheet with well-developed
eutaxitic texture. Two cooling units locally present, each containing light-gray basal vitrophyre. Contains 5-10
nercent sodic plagioclase, sanidine, and quartz crystals,and 2-3 percent small rock fragments

Gray to reddish-gray porphyritic andesite and basalt flows and breccias, with some beds of tuff and tuffaceous
claystone

FIGURE 3.6. —Generalized composite stratigraphic column for western facies of the John Day Formation in Antelope-Ashwood-Willowdale, Oreg.,
area (modified from Peck, 1964, and Robinson, 1975). See figure 3.4 for explanation of lithologic symbols.
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TABLE 3.6. — Average modal compositions of lava types in the John Day Formation

[Values in volume percent; tr, trace; —, not found}

Trachy-
Rock type e Rhyolite! latite Andesite andesite Basalt
Plagioclase ~-------nmu-euee- 2.2 35.1 265.6 36.0 49.5
Clinopyroxene —-——--- .1 6.1 21.7 22.8 17.4
Olivine ~-—nem-mmmmeeemeee - 33 - 1.2 134
Opaque minerals ~-------—- 2 32 2.7 8.7 7.7
Glass and interstitial — 522 - 29.2 11.1
material
Apatite -———e—mmmmemeeee tr .1 -— 3 6
Zircon - tr tr —_ — —
Other - tr —_ 1.8 3
Groundmass -------—--—- 97.5 — — - -
No. of samples ———————- 3 3 1 7 22

IMember C, westem facies
Zincludes 3.1 volume percent microphenocrysts

member B. The largest mass extends for about 25 km
along the western margin of the Blue Mountains uplift
from Hay Creek on the south to the Ashwood-Willowdale
highway on the north. Smaller outcrops are found in the
east end of Antelope Valley and northeast of the hamlet
of Clarno. At most localities, the trachyandesite flows
rest on member A and are overlain by rocks of members
C,D,E,orF.

In the thickest and most complete section, about 4 kin
southwest of Ashwood, the unit is approximately 500 m
thick and consists of at least three flows or sequences of
flows separated by thin layers of tuff. The flows form low,
rounded outcrops mantled with fist-size fragments that
commonly form stone rings and stripes. Typical speci-
mens are dark gray, very fine grained, nearly aphyric,
and sparsely vesicular. One flow near Eagle Creek in
Antelope Valley is relatively coarse grained, with
groundmass crystals averaging 2 to 3 mm across. Sparse
microphenocrysts of plagioclase, clinopyroxene, and rare
olivine are set in a felted matrix of plagioclase laths,
granular clinopyroxene, iron oxides, and glassy intersti-
tial material (table 3.6; Peck, 1964; Robinson, 1969). The
groundmass plagioclase averages about Ang;, but some
specimens contain sparse, highly corroded xenocrysts of
calcic labradorite. In most specimens the clinopyroxene is
light-brown pigeonite accompanied by minor low-calcium
augite.

No source vents were located for the trachyandesite
flows, but the outerop pattern and thickness variations
indicate that they were erupted locally. A possible vent

identified by Peck (1964) is here considered to be a flow
remnant.

The interlayered sedimentary rocks, which range from
about 0.5 to 5 m in thickness, are light-brown, poorly
bedded, sandy pumice lapilli tuff, tuffaceous siltstone,
and pebble conglomerate. These rocks are friable and
poorly exposed, and the only known outcrops are along
the county road between Ashwood and Madras about 8
km southwest of Ashwood.

MEMBER C

A thick sequence of rhyolite flows and associated
domes that crops out in the Antelope-Ashwood area
makes up member C. The flows are best exposed along
the Trout Creek and Wilson Creek drainages, where they
have an aggregate thickness of about 125 m. Thinner and
less extensive outcrops are also present along Antelope
Creek farther north. At most localities the flows rest
with structural conformity on tuffs of member A and
occupy the same stratigraphic position as the trachyan-
desite flows of member B. Locally, however, the rhyolite
flows clearly rest on the trachyandesite flows of member
B.

The flows crop out in low, rounded hills and consist of
light-gray to reddish-gray, massive or flow-banded rhy-
olite. The flows grade into a domelike mass of rhyolite
that cuts the Clarno and lower part of the John Day
Formation about 6 km north of Ashwood. Here, the
rhyolite is exposed in erudely columnar-jointed cliffs that
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rise more than 400 m above the surrounding valley. A
breccia composed of rhyolite fragments, as much as 1 m
in diameter, in a tuffaceous matrix is present along the
southwest side of the domal complex. Inasmuch as the
contacts are not well exposed, this rhyolite mass could be
a very thick flow that ponded in an old topographic low.
However, the form of the body indicates that it erosscuts
the older rocks, and it is tentatively interpreted as an
exogenous dome (Peck, 1964). The flows surround this
mass and thin rapidly to the northeast and southwest.

The flows and the probable dome are compositionally
similar, consisting of fine-grained, very sparsely porphy-
ritic rhyolite. Phenocrysts are sodic andesine and trace
amounts of altered pyroxene(?) and opaque minerals
(table 3.6). Weathering of the phenocrysts commonly
gives the rock a pitted appearance. The groundmass is a
mosaic of very fine grained anhedral quartz and alkali
feldspar.

MEMBER D

A thin sequence of white to yellowish-gray tuff and
tuffaceous sedimentary rocks makes up member D. The
member crops out discontinuously from Wilson Creek on
the south to Antelope Valley on the north, where it
separates the rhyolite flows of member C from the
ash-flow tuffs of member E. At most localities it is less
than 5 m thick, but along Trout Creek, between Ashwood
and Willowdale, it is more than 30 m thick. The unit
consists chiefly of poorly bedded, poorly indurated tuff
and minor lapilli tuff, some of which contains small blebs
of black glass. Locally, it appears to grade upward into
the weakly welded base of member E. Outerops north
and northeast of Trout Creek also contain a light-gray,
unwelded lapilli ash-flow tuff, as much as 8 m thick. At
one locality the unit consists of angular blocks of gray to
brownish-gray glass in a white tuffaceous matrix.

This unit is interpreted as an accumulation of air-fall
and minor ash-flow material erupted before the major
explosions that produced the thick welded tuffs of mem-
ber E. The tuff of member D is generally aphyric, but a
few layers contain trace amounts of megascopic quartz
and feldspar.

MEeMeER E

Member E is a light-brown, aphyric ash-flow sheet
characterized by large and abundant lithophysae. Known
outcrops extend in a broad arc from Hay Creek on the
south to the east end of Antelope Valley on the north, a
distance of at least 40 km. The unit is missing from
sections east of the John Day River and in the Mutton
Mountains. It attains a maximum thickness of about 120

m between Willowdale and Ashwood, where it consists of
a series of ledges, each 2 to 5 m thick, that may be
individual flow units. From this locality the unit thins
rapidly to the north, south, and east; to the west it is
overlain by higher members of the formation. At many
localities the ash-flow sheet is overlain by tuffs and
tuffaceous sedimentary rocks of member F; elsewhere,
these friable rocks have been stripped by erosion, leaving
a series of tablelike outerops.

The base of the unit is commonly marked by a
light-gray to yellowish-gray vitrophyre, as much as 4 m
thick, which is overlain by light-pink to reddish-gray,
densely welded, stony tuff containing layers of well-
developed lithophysae and locally exhibiting erude colum-
nar jointing. In a few localities, vitrophyres also are
present within the sequence. The lithophysae are open,
elongate cavities, as large as 10 em in maximum dimen-
sion. Most are in distinct layers, a few centimeters to2m
thick, separated by zones of massive material. Such
alternations of lithophysae-rich and lithophysae-free
zones are particularly pronounced in exposures along the
highway between Ashwood and Willowdale. These zones
may define separate flow units within the sheet, but
there are no other lithologic breaks between layers, and
in some localities the lithophysae are concentrated in
pipelike masses that cut across the layers. At several
localities (for example, the Priday Agate deposit near
Willowdale) this ash-flow sheet contains abundant siliea-
filled spherulites or thunder eggs (Ross, 1941; Renton,
1951; Brown, 1957) that appear to have formed by
secondary silica filling cavities within spherulites or
lithophysae.

The ash-flow tuff is very sparsely porphyritie and
contains a few crystals of calcic oligoclase, 1to3 mm long,
and traces of quartz and altered pyroxene; a few small
dark rock fragments also are present (table 3.4). The
groundmass in glassy specimens consists of densely
welded glass shards, averaging about 0.3 mm in length,
accompanied by rare, flattened pumice fragments. In the
stony layers it consists of microcrystalline quartz and
feldspar.

MEMBER F

A heterogeneous sequence, composed chiefly of diage-
netically altered tuff and tuffaceous sedimentary rocks,
lies between ash-flow sheets of members E and G. Thin
basalt flows are locally interlayered with the sedimentary
rocks in the uppermost parts of the unit. Rocks of
member F can be traced in outcrop from just north of
Grizzly on the southwest to just west of Fossil on the
northeast, a distance of nearly 75 km. Because the unit
consists chiefly of nonresistant tuff and sedimentary
rocks, it is poorly exposed, commonly mantled with talus
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from overlying ash-flow tuffs and basalts or completely
covered by landslide material. Where exposed, outcrops
typically form low, rounded hills with a crackly or
popcorn-textured surface.

The most complete sections are found in a triangular
area, bounded by Hay Creek, Willowdale, and Ashwood,
in which the member is more than 1560 m thick. From this
area the unit thins to the northeast and southwest,
eventually pinching out as it overlaps older units and
rests directly on the underlying Clarno Formation. In the
vicinity of Hay Creek, the base of the member is marked
by about 5 m of white, medium-bedded, coarse-grained
pumice lapilli tuff. At other localities the lowest beds
consist of light-gray to greenish-gray, poorly bedded,
moderately indurated vitric tuff, commonly containing 3
to 4 percent pumice lapilli. The rest of the unit consists
largely of grayish-brown or grayish-green, poorly bed-
ded, friable tuffaceous claystone and siltstone. Beds are
lenticular, however, and the unit varies widely in thick-
ness from place to place. For example, in many areas,
particularly where members B, C, D, and E are missing
and member F rests directly on member A, the lower 40
to 50 m of the unit are brick red in color. Elsewhere,
layers of red or pink claystone and tuff are interbedded
with more typical gray to greenish-gray rocks. Other
local variations include layers of coarse-grained pumice
lapilli tuff containing fragments of perlitic glass, well-
bedded and crossbedded sandstone and siltstone, white
platy shale with abundant leaf impressions and petrified
wood, and coarse-grained tuffaceous conglomerate. In
the area between Clarno and Fossil, member F consists
chiefly of green and buff tuffaceous claystone, with
interbeds of green sandy tuff and white vitrie tuff. A thin
layer near the top of this sequence contains fossil snails
and fish-bone fragments. As elsewhere in the formation,
these color variations appear to reflect different degrees
of diagenetic alteration. The green claystone is rich in
montmorillonite, celadonite, and clinoptilolite, whereas
the buff and gray sequences contain chiefly montmoril-
lonite and minor amounts of fresh glass.

In Antelope Valley and in the area north and northeast
of Clarno, several extensive flows of olivine basalt are
interlayered with the uppermost tuffaceous sedimentary
rocks of member F. These flows extend discontinuously
from Trout Creek near Willowdale on the west nearly to
Fossil on the east, a distance of approximately 50 km. As
many as three separate flows, each 10 to 15 m thick, are
present in some outerops; elsewhere, multiple flows have
not been recognized. Locally, the flows are associated
with beds of brownish-gray, moderately bedded, basaltic
lapilli tuff and agglomerate. Some of the tuffs immedi-
ately overlying the lava flows contain fragments of
vesicular basalt, as large as 10 cm across, indicating
erosion before burial.

The lava flows are dark-gray, aphyric, medium- to
coarse-grained alkali olivine basalt (table 3.7) (Robinson,
1969). A few exhibit poorly developed columnar jointing,
and many have vesicular zones in the upper few meters.
Most are highly altered and weathered, but some fresh,
even glassy, specimens are present. As seen in thin
section, the basalt is a medium-grained rock with inter-
sertal to subophitic textures composed of plagioclase,
titaniferous clinopyroxene, ilmenite, and 15 to 20 percent
olivine, most of which is altered to orange smectite. A
few outcrops contain pegmatitic segregations composed
of ilmenite, titanaugite, and plagioclase crystals, as much
as 3 cm across.

MEeMBER G

A distinctive, erystal-rich ash-flow sheet and an over-
lying thick sequence of air-fall tuff and tuffaceous sedi-
mentary rocks make up member G. It is one of the most
widespread and easily recognized units in the western
facies, extending from the Mutton Mountains on the west
to beyond the John Day River on the east and from Smith
Rock northward to Antelope Valley.

The basal ash-flow sheet consists of reddish- to yellow-
ish-gray, densely welded, crystal-rich tuff, commonly
with abundant lithophysae in its upper few meters. It
varies systematically in thickness, degree of welding, and
crystallization over its outcrop area. In the vicinity of
Hay Creek Ranch, east of Madras, the tuff is as much as
30 m thick and is densely welded, completely devitrified,
and moderately lithophysal in the upper few meters. In
an outcrop about 20 km north of Hay Creek Ranch along
Oregon Highway 206 between Willowdale and Antelope,
the tuff is 5 to 6 m thick, only weakly welded, and
completely glassy. Still farther to the northeast, between
Antelope and Clarno, an air-fall tuff containing crystals of
sanidine similar to those in the welded tuff is present in
the same stratigraphic position. This air-fall tuff averag-
es about 1 m thick, but where it is extensively reworked
it is 5 m or more thick. This tuff has been correlated on
the basis of mineralogy with a similar air-fall tuff in the
eastern facies in the Painted Hills area north of Mitchell
(Hay, 1963; Woodburne and Robinson, 1977; Robinson
and Brem, 1981).

Where it is devitrified, the ash-flow sheet is typically
dark reddish brown, less commonly pink or purple. In the
Mutton Mountains it is light yellowish to reddish brown
and is characterized by pronounced color banding. Local-
ly, a light-gray vitrophyre as much as 3 m thick is present
at the base of the sheet.

Crystals average about 12 percent of this tuff and
consist chiefly of sanidine and quartz accompanied by
trace amounts of iron oxide and rare altered pyroxene
(table 3.4). The sanidine crystals are as large as 4 mm
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TABLE 3.7.—Average chemical compositions of basalt and trachyandesite units in the John Day
Formation

[Values in weight percent; n.d., not determined]

Rock unit ~——— 1 2 3 4 5 6
Si0g ---emeemmeeee 44,98 45.57 45.76 46.17 55.00 51.17
JNOYC Pp— 1547 1456 1466 1620 1355 1475
Fey03 - 6.75 4.50 544 7.68 2.90 1.15
FeO -—emmmememe 7.98 10.84 9.68 542 9.70 3.76
MgO e 4.97 497 5.20 475 2.09 2.63
Ca0 ----—--—- - 7.61 8.42 8.37 9.66 6.14 6.45
NayO -~ - 342 3.12 2.88 3.04 3.25 3.60
K20 e 1.23 .84 .82 55 1.72 1.64
HyO~ —rremee 1.76 1.76 1.63 1.83 93 1.60
H20+ ————— 1.74 .86 1.28 1.19 1.27 1.17
TiOg -------emm- 3.25 3.82 3.51 2.72 2.10 2.93
Py0g -—-vemmemee .62 .65 .50 49 .59 .10
MnO ----=meneeeem 17 .19 19 .23 21 .09
COy ———— 12 nd. nd. nd. 73 nd.
Total ---erme e e 100.07 100.10 99.92 99.93 100.18 100.04

No. of samples-—-— 4 2 7 2 3 1
Unit:

1. Alkalic basalt of lower member, eastern facies (data from Lindsley, 1961; Hay, 1962a; Robinson, 1969).

2. Alkalic basalt of member E, westem facies (Robinson, 1969).

3. Alkalic basalt of member F, western facies (Robinson, 1969).

4. Alkalic basalt of sequence north of Fossil, Oreg., northem subfacies (Robinson, 1969).

S. Trachyandesite of member B, westem facies (Peck, 1964; Robinson, 1969).

6. Trachyandesite of sequence northeast of Fossil, Oreg., northem subfacies (Robinson, 1969).

across, typieally euhedral, and commonly rimmed with
myrmekitic intergrowths of quartz and feldspar. These
crystals have a distinctive soda-rich composition averag-
ing about OryAbg,An, (table 3.3). This unique composi-
tion, along with the textural characteristics of the grains,
has been used to correlate the air-fall tuff with the
ash-flow sheet. The quartz crystals are corroded bipyr-
amids as large as 1 mm across, and the opaque minerals
are small laths and irregular grains, generally less than
0.2 mm in diameter. Most specimens also contain 2 to 5
percent silicic to andesitic rock fragments. The ground-
mass consists chiefly of devitrified shards, commonly
with axiolitic textures, and some microcrystalline quartz.
In the basal vitrophyre the shards consist of light-brown
glass, some of which is bleached and corroded.

The tuffs and tuffaceous sedimentary rocks above the
basal ash-flow sheet are typically light gray to light
brownish gray, poorly bedded, and moderately to weakly
indurated. In the Willowdale-Antelope-Ashwood area

these rocks are chiefly lapilli tuff and tuffaceous siltstone,
but they become finer grained to the east and grade into
green to brownish-gray tuff and tuffaceous claystone.
A fairly well exposed section, near Wilson Creek,
consists of about 7 m of gray pumice-lapilli tuff overlain
by 35 m of light-brownish-gray, fine-grained tuff and
tuffaceous siltstone, 4 m of light-gray, coarse-grained
lapilli tuff, and, finally, 4 m of orangish-brown, massive,
fine-grained tuff containing 10 to 15 percent pumice
lapilli. These tuffs and tuffaceous sedimentary rocks
typically contain 1 to 2 percent crystals, chiefly plagio-
clase, and sparse silicic rock fragments (table 3.8).
Thin, discontinuous basalt flows are interbedded with
the tuffs near Wilson Creek and in Antelope Valley
between Willowdale and Antelope. In the Wilson Creek
area the thickest flow is about 4 m thick and consists of
green to black, highly altered amygdaloidal basalt. In
Antelope Valley the flows are thin and consist of highly
porous, altered basalt with associated tuff, agglomerate,
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TABLE 3.8. —Modal compositions of tuffaceous sedimentary rocks in the John Day Formation

[Values in volume percent; tr, trace amount; —, not found]

Unit Member G Member H Member I
Sample S$7-6 S1-15 207 S29 S2-11 S2-14A
Groundmass -—--—-——-—- 97.6 92.6 93.1 93.8 913 95.8
Rock fragments------------ A 3.1 4.7 25 4.8 2.8
Sanidine —-------—-=-mm- - — — 1 - -
Quartz 3 -— -— tr 1 -
Plagioclase---------m------- 14 39 2.1 3.1 1.8 8
Biotite - - tr — -
Opaque minerals----------- -— 2 1 5 - 5
Zircon — tr - tr - -
Other — tr —

and breccia. The agglomerate and breccia are coarse-
grained, tan to light-gray or reddish-gray, moderately
well bedded rocks containing scoria and basalt frag-
ments, as much as 40 cm across, which crop out in
resistant ledges extending for 130 to 150 m along strike.
Several accumulations of cinders and scoria as much as 35
m across with rather steep, quaquaversal dips are
interpreted as near-vent deposits.

MEeMBER H

A basal, fine-grained ash-flow sheet and about 35 m of
overlying fine- to medium-grained tuff and tuffaceous
sedimentary rocks make up member H. This unit can be
traced in nearly continuous outcrop from the vicinity of
Smith Rock on the south almost to Fossil on the north-
east. The tuffs and tuffaceous sedimentary rocks of
member H are similar to those of the overlying and
underlying members and cannot be distinguished except
where the ash-flow sheet is present. For this reason, the
unit cannot be recognized in outcrops west of Willowdale.

The ash-flow sheet ranges from about 2 to 30 m in
thickness and consists of a single cooling unit of fine-
grained, moderately to densely welded tuff containing
sparse lithophysae. In outcrops east of Smith Rock, the
ash-flow sheet rests on about 1 m of white, medium- to
fine-grained, thin-bedded tuff that appears to be an
air-fall precursor of the ash-flow sheet. Commonly
present at the base of the sheet is a layer, 0.5 to 2 m thick,
of light-gray to black, fine-grained vitrophyre with platy
jointing. This layer is overlain by 3 to 30 m of light-gray
or brownish-gray stony tuff, which weathers a distinctive
orangish brown. In a few outcrops, such as those near

Willowdale, the stony tuff is brick red in color and is
quarried for building stone. Many outcrops have well-
developed platy jointing; others have crude columnar
joints. In outcrops east of Madras, where the stony
section is thickest, lithophysae as large as 3 cm across are
common, particularly in the upper parts of the sheet.

The ash-flow sheet is composed chiefly of shards, and
only in a few places does it contain small pumice lapilli or
rock fragments. Crystals of zoned oligoclase (table 3.5)
average 1 to 2 percent of the rock and are commonly
accompanied by traces of quartz (table 3.4).

The overlying tuffs and tuffaceous sedimentary rocks
are poorly exposed in low, talus-mantled outcrops. They
consist chiefly of poorly bedded, fine- to medium-grained
tuff and minor cross-bedded, tuffaceous siltstone and
sandstone. Thin layers of light-gray air-fall tuff, 10 to 50
cm thick, form resistant ledges in many sections. Most of
the tuffaceous sedimentary rocks have a speckled appear-
ance due to the presence of 5 to 10 percent white pumice
lapilli, as much as 5 mm across. Crystals of sodic andesine
make up 1 to 2 percent of most of the tuffs, and small
lithic fragments are locally present (table 3.8). Some of
the tuffs also contain small fragments of black glass, but
most glassy material in these rocks has been diageneti-
cally altered to clay minerals and zeolites, chiefly clinop-
tilolite.

MEMBER 1

A distinctive, coarse-grained ash-flow sheet marks the
base of member I. This member is overlain by about 5 to
10 m of thin-bedded tuffaceous sedimentary rock, fol-
lowed by as much as 120 m of white to light-gray massive
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tuff and tuffaceous claystone. This member crops out
intermittently in a triangular area extending from Smith
Rock on the south to Willowdale on the northwest and
nearly to Fossil on the northeast. Light-colored massive
tuffs and tuffaceous sedimentary rocks similar to those in
the upper parts of member I also crop out extensively in
the Mutton Mountains and in the area north and north-
east of Fossil. In the absence of the basal ash-flow sheet,
the exact stratigraphic position of these rocks is uncer-
tain, but they occur near the top of the formation and
probably correlate with tuffs of both members H and I.

Member I is thickest in the Willowdale area and
generally thins to the northeast and south. In Antelope
Valley, part or all of the member was eroded before
eruption of the Columbia River Basalt Group, and so
locally the basalt flows of that group rest directly on
rocks of member H or older units. Between Madras and
Smith Rock the Columbia River Basalt Group is absent,
and member I is unconformably overlain by the Madras
Formation (Deschutes Formation of Farooqui and oth-
ers, 1981).

The basal ash-flow sheet is easily distinguished from all
other tuffs of the John Day Formation by its very coarse
grain size. It contains 5 to 30 percent pumice fragments,
as large as 10 cm across, and 5 to 10 percent rock
fragments. Densely welded sections have a pronounced
eutaxitic texture, whereas less welded sections are open
and porous. Both the thickness and degree of welding in
the sheet decrease from the southwest to the northeast
over the outcrop area. South of Hay Creek Ranch the
sheet is a compound cooling unit, 35 to 40 m thick,
composed of two thick vitrophyres, each overlain by 10 to
25 m of densely to moderately welded, stony tuff con-
taining sparse lithophysae. About 25 km to the north, in
the vicinity of Willowdale, the sheet is approximately 35
m thick and consists of a single cooling unit of unwelded,
glassy, pumice lapilli tuff. Between Clarno and Fossil,
about 50 km northeast of Willowdale, the sheet is 15 to 20
m thick and consists of unwelded, fine-grained vitric tuff
(fig. 8.7).

The tuff consists of angular to flattened pumice frag-
ments, rock fragments, and sparse crystals in a matrix of
glass shards and dust. In addition, most specimens
contain 2 to 5 percent structureless glass fragments,
which may be either fresh or devitrified. Rock fragments
make up 1 to 10 percent of the tuff and are as much as 1
cm in diameter. Most are composed of silicic, erystalline
material, but a few are fine-grained, welded vitric tuff.
Crystals make up 1 to 2 percent of the rock and consist
chiefly of sodic andesine (table 3.5) accompanied by trace
amounts of iron oxides, altered pyroxene, and zircon
(table 3.4).

The overlying tuffs and tuffaceous sedimentary rocks
are light gray to yellowish or brownish gray, poorly

bedded to massive, and medium to coarse grained.
Outcrops have steep, even slopes, typically mantled with
talus from the overlying Columbia River Basalt Group.
Large landslide masses composed of basalt fragments in
a tuff matrix are common along the major river canyons.

Near the base of the sequence, the rocks are typically
thin-bedded and crossbedded tuffaceous sandstone and
siltstone composed chiefly of pumice and small lithic
fragments. They also contain 1 to 2 percent andesine
crystals, sparse lithic fragments, and 2 to 5 percent small,
white, pumice lapilli that give the rocks a speckled
appearance. The matrix consists of montmorillonite and
zeolites, chiefly clinoptilolite, derived from altered glass.
Some of the least altered rocks contain small fragments of
black vesicular glass, 1 to 3 mm across.

A rich and well-preserved vertebrate fauna is present
in the upper parts of member I, particularly in the Warm
Springs area (Woodburne and Robinson, 1977; Dingus,
1979).

NORTHERN SUBFACIES

The ash-flow tuffs and lava flows that are used to
define members of the John Day Formation in the
western facies thin from southwest to northeast and
pinch out against an old Clarno high between Clarno and
Fossil (fig. 3.8). Northeast of this high, in the area
between Fossil and Lonerock, the stratigraphy of the
formation differs markedly from that of the normal
western facies. Several ash-flow tuffs and lava flows are
present, but these cannot be correlated directly with
those of the Antelope-Ashwood sequence.

This lithologically different sequence is thickest and
best exposed in the area immediately north of Fossil.
Here, the top of the Clarno Formation is marked by a red
saprolite, as much as 3 m thick, developed on a series of
porphyritic andesite flows. The overlying John Day
Formation is about 500 m thick and consists of a lower
unwelded ash-flow sheet and an upper sequence of tuff
and tuffaceous sedimentary rocks, with several interlay-
ered lava flows.

The basal ash-flow sheet is about 245 m thick and
consists of two cooling units separated by a lava flow of
quartz latite. The sheet can be traced as far west as the
head of Pine Creek east of Clarno, where it appears to
interfinger with the upper part of member G of the
western facies. To the northeast, it can be traced to the
vicinity of Lonerock, where it is considerably thinner and
better bedded than in the Fossil area. Except in the
vicinity of Fossil, exposures are poor, and outcrops are
commonly mantled with talus from the Columbia River
Basalt Group or from lava flows within the John Day
Formation.
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In the Fossil area the lower cooling unit is about 235 m The ash-flow sheet is overlain by about 25 m of poorly
thick. At the base it consists of coarse-grained, poorly | exposed, white to red, medium-bedded, fine- to medium-
sorted tuff containing as much as 15 percent angular | grained tuff. Locally, a thin amygdaloidal basalt flow is
pumice lapilli and 10 percent dark rock fragments. The | interbedded with the tuff. Overlying the white tuff is a
unit grades upward into moderately well sorted vitric | 230-m-thick section of uniform, light-brown to gray,
tuff containing very sparse pumice and rock fragments. | massive to thick-bedded, moderately indurated tuff con-
The upper cooling unit is 9 to 10 m thick and consists of | taining 1 to 2 percent small pumice fragments, which give
coarse-grained tuff similar to that in the lower unit. Both | the rock a slightly speckled appearance. Crystals of
cooling units are well indurated but completely unweld- | andesine feldspar also make up 1 to 2 percent and are
ed. accompanied by trace amounts of iron oxide and altered

Crystals average 1 to 2 percent of each cooling unit and | pyroxene (table 3.4). Most of the glass is zeolitized, but
are mostly small prisms of anorthoclase (table 3.5), | angular fragments of fresh black glass occur in the
accompanied by trace amounts of plagioclase, quartz, | uppermost parts of the section.
green pyroxene(?), and zircon (table 3.4). The sparse rock Interlayered lava flows are present near the middle of
fragments are chiefly andesitic and silicic volcanic mate- | the unit and range from about 2 to 25 m in thickness. The
rial. The original glass has been partly devitrified and | thickest flow is a dark-reddish-brown, flow-banded dacite

partly altered to clinoptilolite. or quartz latite that crops out discontinuously in a
w LAND
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12-km-long band north and west of Fossil (Robinson,
1975). It is a fine-grained, hypoerystalline rock contain-
ing sparse microphenocrysts of plagioclase, clinopyrox-
ene, and altered olivine in a hyalopilitic groundmass of
plagioclase laths, clinopyroxene granules, magnetite, and
abundant brown glass (table 3.6).

Farther east, north of Kinzua, the quartz latite is
missing, but a basalt flow occupies approximately the
same stratigraphic position (Robinson, 1975). This flow is
generally less than 10 m thick and extends for about 8 km
along strike, pinching out both to the east and to the
west. It consists of light-gray to brick-red, fine- to
medium-grained, commonly vesicular and amygdaloidal,
alkali olivine basalt, similar to that of member F of the
western facies (Robinson, 1969). Locally, the basalt
contains megacrysts of alkali feldspar, as large as 2 ecm
across, probably xenocrysts derived from the pre-Clarno
basement.

A thin flow of andesite locally overlies the basalt. This
flow is a dark-gray, fine-grained rock containing 2 to 3
percent small plagioclase and altered olivine microphe-
nocrysts in a pilotaxitic groundmass of plagioclase, clino-
pyroxene, iron oxides, and sparse olivine (table 3.6).

In the area between Fossil and Lonerock, several
small, isolated masses of welded tuff crop out in the
sequence. These are reddish- to yellowish-gray, densely
welded rocks with poorly developed eutaxitic textures
and platy jointing. A light-gray basal vitrophyre, about 5
m thick, is preserved in one outerop. Crystals and rock
fragments are sparse, and these rocks appear to be most
similar to parts of the basal ash-flow sheet of member H
in the western facies. However, because the outcrops are
isolated and the tuff has no distinctive features, a definite
correlation is not possible.

MUTTON MOUNTAINS SUBFACIES

Rocks of the John Day Formation erop out over an area
of about 700 km? in the Mutton Mountains area. Most
ash-flow sheets of the western facies in the Antelope-
Ashwood-Willowdale area are missing in the Mutton
Mountains, and the sequence consists chiefly of tuffs and
tuffaceous sedimentary rocks, with numerous domes and
flows of rhyolite. The Mutton Mountains themselves
consist of a series of large rhyolite domes that locally
interfinger with the tuffs. Although outcrops in the
Mutton Mountains area are not continuous with those of
the western facies, correlations are possible on the basis
of age and lithology.

In the vicinity of Kahneeta Hot Springs and along the
Deschutes River approximately between North Junction
and Dant, the John Day Formation rests unconformably
on andesitic and dacitic lavas and breccias assigned to the
Clarno Formation on the basis of lithology (Waters,

1968a, b). Near Kahneeta Hot Springs, the contact
between the two units is marked by a bright-red sapro-
lite, some of which was reworked into the lower part of
the John Day Formation. Farther north, along the
Deschutes River, no saprolite is preserved, but there is
an angular discordance between the two formations.

On the north, east, and southeast flanks of the Mutton
Mountains, the John Day Formation is unconformably
overlain by flows of the Columbia River Basalt Group.
These basalt flows thin and pinch out toward the core of
the Mutton Mountains, indicating that the area was a
topographic high in middle Miocene time. On the west,
between the Mutton Mountains and the Cascade Range,
the John Day Formation is overlain directly by the
Miocene and lower Pliocene Madras Formation (Des-
chutes Formation of Farooqui and others, 1981) and
younger basalt flows.

At the base of the John Day Formation in the Mutton
Mountains is a 20- to 30-m-thick sequence of red tuffa-
ceous claystone, which overlies Clarno lavas near Kah-
neeta Hot Springs. This sequence is overlain by about 30
m of white to light-brownish-gray, thin- to medium-
bedded tuff and lapilli tuff. The thin-bedded zones consist
of coarse-grained ash, whereas the thicker bedded zones
contain abundant pumice lapilli and lithic fragments, as
much as 2 cm across. These weakly to moderately
indurated tuffs are completely argillized and zeolitized,
and some contain narrow bands and small spots of red
material, probably hematite.

The lower tuffs and tuffaceous claystones are overlain
by a distinctive, crystal-rich ash-flow tuff that is corre-
lated with the basal ash-flow sheet of member G of the
western facies. Locally, the underlying tuffs and clay-
stones pinch out, and the ash-flow sheet rests directly on
flow-banded rhyolite of the Mutton Mountains.

The ash-flow tuff, which is about 5 to 10 m thick, is
yellowish to reddish brown, moderately welded, and
moderately indurated. It contains 7 to 8 percent crystals
and 1 to 2 percent rock fragments in a fine-grained matrix
composed of shards and glass dust. Locally, sparse
pumice fragments impart a poorly developed eutaxitic
texture to the rock. The crystals are mostly 1 to 3 mm
across and consist chiefly of sanidine and quartz. The
sanidine is compositionally and texturally similar to that
in the basal ash-flow sheet of member G near Willowdale
(table 3.3). A single K-Ar analysis from the tuff in the
Mutton Mountains yielded an age of 27.0+3 Ma (table
3.1), or about the same age as member G.

Overlying the ash-flow tuff is about 100 to 200 m of
white to light-gray, poorly bedded tuff and lapilli tuff
similar to those of member I near Willowdale. These
rocks typically contain 1 to 2 percent plagioclase crystals
and sparse lithic fragments. Pumice fragments are com-
mon in the coarser grained layers and are as much as
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about 5 mm across. The original glassy material is almost
completely replaced by montmorillonite and clinoptilo-
lite. Locally, these beds contain well-preserved verte-
brate fossils, particularly near the top of the sequence
(Woodburne and Robinson, 1977; Dingus, 1979).

The main mass of the Mutton Mountains consists of
light-gray to reddish-gray, fine-grained, generally aphy-
ric, flow-banded rhyolite. Thicknesses are estimated to
be in excess of 500 m, and the flow banding is commonly
steep, possibly indicating a domal structure. Along the
eastern margin of the Mutton Mountains, individual flows
can be recognized where they are interbedded with
layers of white pumice-lapilli tuff. The exact stratigraph-
ic position of these flows and domes is uncertain, but
because they underlie the welded tuff dated at 27 Ma and
unconformably overlie rocks of Clarno lithology, they are
presumed to be equivalent in age to the middle and lower
parts of the John Day Formation.

A separate sheetlike mass of rhyolite that overlies
John Day tuffs southwest of Kahneeta Hot Springs
appears to be a lava flow, locally as much as 200 m thick.
The pluglike mass of rhyolite that forms Eagle Butte,

about 4 km south of Kahneeta Hot Springs, is believed to
mark the vent from which this flow erupted.

ISOLATED RHYOLITE DOMES AND FLOWS

Many isolated masses of flow-banded lava have been
mapped as part of the John Day Formation by various
workers. Some of these rocks, such as the ones in the
Antelope-Ashwood area and the Mutton Mountains, are
interlayered with John Day tuffs, and their age assign-
ments are undoubtedly correct. Others along the crest of
the Blue Mountains uplift overlie or cut andesitic rocks of
typical Clarno lithology but have no field relation to
younger rocks. Where age relations have been estab-
lished for these bodies, they appear to be primarily of
Clarno age (Swanson and Robinson, 1968). Still others,
such as Cline Buttes, Powell Buttes, Forked Horn Butte,
and several unnamed bodies, are completely surrounded
by basalt flows and sedimentary rocks of the Madras
Formation (Williams, 1957). Only Powell Buttes has been
dated by the K-Ar method, and it has a definite John Day
age (table 3.1). It is a porphyritic rhyolite (table 3.9)

TABLE 3.9.— Average chemical compositions of silicic lava flows and domes of the John Day Formation

[Oxide values in weight percent; * total iron as Fe5O3; n.d., not determined; LOI, loss on ignition}

Rock unit ——————— 1 2 3 4 5 6
Si0ymeermm e 76.3 70.5 81.8 78.7 76.9 759
F T VX 13.8 9.7 11.7 12.4 12.3
25 0 ¥ L —— 2.2 6.1 1.5 1.3 2.1 1.6
1 NSU——— 06 .10 .01 .01 .02 .14
Ca0-——mmeeeeemeev — 5 1.6 .15 20 26 90
NayO———eo— 3.2 3.8 2.1 3.5 3.6 31
o0 J— — 5.1 36 4.3 4.4 4.4 5.2
y 107 N 29 .53 .14 .16 27 A5
Y0 E— 02 07 .01 n.d. 02 nd.
Y11 @ S— .06 .03 .02 .01 .01 .03
L — 100.3 100.1 99.7 100.0 100.0 99.3
LOI — 1.1 1.0 9 .6 9 1.1

No. of samples 2 2 3 1 4 2
Unit:

1. Rhyolite flows of member C, westem facies.

2. Quartz latite flows north of Fossil, Oreg., northem subfacies (Robinson, 1969).

3. Rhyolite of Juniper Butte, westemn facies.

4. Rhyolite of Powell Buttes, western facies.

5. Rhyolite flows of Smith Rock, westem facies.

6. Rhyolite flows and domes of the Mutton Mountains.
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containing about 10 percent sanidine, quartz, and sparse
amphibole phenocrysts in a microcrystalline groundmass.
Several other bodies, including Cline Buttes, consist of
pyroxene andesite and are most likely part of the Clarno
Formation.

COMPOSITION

The John Day Formation consists of three main com-
ponents: air-fall tuff and tuffaceous sedimentary rocks,
which form the bulk of the unit, welded and unwelded
ash-flow tuff, which is abundant in the western facies,
and lava flows and domes.

Little direct compositional information is available for
the air-fall tuffs and tuffaceous sedimentary rocks be-
cause most of the original glass has been replaced by clay
minerals and zeolites, either during weathering before
burial or by later diagenetic alteration. Chemical analy-
ses of altered rocks indicate extreme hydration accom-
panied by significant changes in Si0,, MgO, Ca0, Na,0,
and K,O contents (Hay, 1963). Even in the fresh-glass
facies in the upper part of the formation the glass is
bleached, etched, and commonly partly replaced by clay
minerals. Thus, the initial composition of these rocks can
only be deduced from their pyrogenetic mineralogy.

Crystals rarely make up more than 2 to 3 percent of the
tuffaceous sedimentary rocks and are chiefly andesine
feldspar, accompanied by trace amounts of labradorite,
oligoclase, clinopyroxene, iron oxides, biotite, and rare
quartz (table 3.8; Hay, 1962a; Fisher, 1968). Amphibole
and sanidine are rare accessory minerals. Lithic compo-
nents in these rocks are chiefly andesitic and dacitic in
composition, more rarely rhyolitic. Glass shards have
refractive indices ranging from 1.496 to 1.502 (Hay,
1963), implying compositions in the range of about 70 to
74 weight percent SiO,. These data indicate a dacitic to
rhyodacitic composition for most of the original pyroclas-
tic material in the sedimentary rocks.

The interbedded vitric tuffs are commonly somewhat
coarser grained than the sedimentary rocks, and many
contain small pumice lapilli. Sanidine is present in many
of these rocks and equals or exceeds plagioclase in about
half of the specimens (Hay, 1963). On average, the
plagioclase is somewhat more sodic than in the clay-
stones, being chiefly oligoclase and sodic andesine (Hay,
1962a). Quartz is common in a few tuff layers, particu-
larly those rich in sanidine. Mafic minerals are sparse and
consist chiefly of clinopyroxene and iron oxides. On the
basis of their mineralogy, the quartz- and sanidine-rich
tuffs are inferred to have been originally rhyolitic in
composition, whereas the others are inferred to have
been dacitic or rhyodacitic.

Both primary mineralogy and whole-rock chemical
compositions indicate that the ash-flow tuffs are rhyolitic

(table 3.10). Phenocrysts are primarily oligoclase, sani-
dine, anorthoclase, and quartz, with only traces of such
mafic minerals as hornblende, clinopyroxene, biotite, and
iron oxides (table 3.4). Quartz and sanidine dominate in
the tuffs of members A and G and are present in small
amounts in the tuff of member E (table 3.4). Plagioclase
is present in all of the ash-flow tuffs except that in
member G, but it varies considerably in composition
(tables 3.2, 3.5). !

Although the tuffs are all rhyolitic in composition,
whole-rock compositional data show wide variations even
within the same unit (Swanson and Robinson, 1968; Hay,
1963). These variations are believed to be due to differ-
ences in devitrification, vapor-phase crystallization, and
diagenetic alteration rather than to primary composition-
al differences. Densely welded, devitrified zones with low
porosity are believed to represent the least altered parts
of the sheets (Robinson and Brem, 1981). Within these
zonhes, analyses are consistent, K,O and Na,O contents
are subequal, water content is low, and there is no
petrographic evidence of diagenesis or vapor-phase crys-
tallization. Porous glassy material from near the base of
individual sheets has been largely altered to clay miner-
als and zeolites, whereas less porous vitrophyres have
been hydrated. Compositions in the upper parts of the
sheets appear to have been affected by diagenetic alter-
ation rather than vapor-phase crystallization. The soft,
unconsolidated tuff at the top of the Picture Gorge
ignimbrite has been completely altered to claystone
(Hay, 1963).

Ash-flow tuffs containing abundant quartz and sanidine
phenocrysts are undoubtedly rhyolitic, whereas those
containing only plagioclase as a phenocryst phase may be
either rhyolitic or rhyodacitic. Minor chemical variations
must have existed originally within individual ash-flow
sheets, but these variations have been obscured by later
alteration and hydration. Some original compositional
differences between sheets are implied by different
phenocryst assemblages. In general, the ash-flow tuffs
are slightly alkalic rhyolite containing about 75 to 76
weight percent SiO, (table 3.10).

Mafic lavas of the formation range in composition from
alkali olivine basalt to trachyandesite. Most basalts
contain 15 to 20 percent modal olivine and are undersat-
urated with respect to silica if the Fe,05/FeO ratios are
adjusted to take into account the effects of deuteric
alteration and oxidation (Robinson, 1969). The trachy-
andesites are fine-grained, fresh lavas that contain
sparse microphenocrysts of olivine, clinopyroxene, and
plagioclase. They are all silica saturated but, like the
basalts, are fairly rich in TiO, and alkalis (table 3.7).
These flows are closely associated in space and time to
the basalt flows, but the chemical relation between the
two, if any, is unclear (fig. 3.9).
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TABLE 3.10. — Average chemical compositions of ash-flow tuff sheets in the John Day Formation

[* Total iron as Fe/203; n.d., not determined; LOI, loss on ignition]

Rock unit —-——-m— 1 2 3 4 5 6 7 8 9 10 11
Si0y-—----mmeree- 76.2 73.0 76.2 78.9 764  77.2 773 764 749 822 764
AlOz--mmmmmemsmmnees 12.5 12.8 12.6 10.7 12.0 11.6 12.3 124 129 9.2 13.5
FepOg* ——omrer 1.6 3.0 1.5 2.0 2.1 2.0 1.5 2.3 2.6 1.0 1.8
MgO-—-mmeremmemeene 12 20 07 .05 A1 .10 .10 24 A7 04 1.0
(00 YRR | 1.0 7 5 1.0 4 4 i 1.0 6 2.9
NayO--———-—- 2.6 20 2.5 26 23 28 37 28 3.6 24 8
K90 —mmmmeeeeee 5.6 6.6 6.2 4.6 5.1 5.5 4.1 4.7 4.5 4.0 39
TiOp=----mm e m- 32 73 .19 20 21 29 19 27 30 24 13
PyOg e .06 23 .01 0 .02 .05 .04 .04 A1 nd 0
110 W 05 14 06 02 05 .02 03 .05 03 03 0
Totaleermemmmemmermecem 99.89 97 1000 996 993 1000 997 999 1001 99.7 1004
LOL----memmm e e 7 1.4 1.5 1.5 38 .8 9 23 n.d. 9 5.7

No. of samples------------- 10 4 5 4 4 10 9 6 7 3 2
Unit:

1. Basal ash-flow sheet of member A, lower cooling unit, western facies.

2. Basal ash-flow sheet of member A, upper cooling unit, westem facies.

3. Upper ash-flow sheet of member A, westem facies.

4. Lithoidal welded tuff of member E, western facies.

5. Vitrophyric welded tuff of member E, western facies.

6. Basal ash-flow sheet of member G, westem facies.

7. Basal ash-flow sheet of member H, westem facies.

8. Basal ash-flow sheet of member I, westem facies.

9. Picture Gorge ignimbrite, lower cooling unit, eastern facies.

10. Picture Gorge ignimbrite, upper cooling unit, easter facies.
11. Basal ash-flow sheet north of Fossil, Oreg., northern subfacies.

The silicic lava flows are primarily rhyolite, but one
flow of quartz latite is present in the area north of Fossil.
The rhyolites are microcrystalline rocks that show little
evidence of alteration except for dissolution of rare
feldspar phenocrysts. Most specimens are composition-
ally similar to the ash-flow tuffs, consisting of slightly
alkalic rhyolite containing 76 to 82 weight percent SiO,
and with an NayO/K;0 ratio ranging from 0.60 to 0.82.
The most siliceous specimens are from domes containing
vapor-phase tridymite. The quartz latite flow is signifi-
cantly less silicic than the rhyolite flows and has an
N3a,0/K,0 ratio greater than 1.

AGE

From studies of stratigraphic relations and extensive
faunal collections, the John Day Formation was clearly

identified as Oligocene and Miocene in age many decades
ago. Recent radiometric dating has substantiated this
general age assignment, has added greater precision to
the age of selected units within the formation, and has
provided accurate lower and upper age limits to the
entire formation. All of the available K-Ar ages for the
formation are listed in table 3.1. Several of the ages listed
by Fiebelkorn and others (1983) and identified as from
the John Day Formation are repetitions of ages published
both by Hay (1962a) and by Evernden and others (1964),
and two ages (samples 648-657, 648-695) identified as
being from the John Day Formation should be ascribed to
the Clarno Formation. The interpreted age relations in
the John Day Formation are summarized in figure 3.8.
In the western facies, Peck (1961, 1964), Swanson and
Robinson (1968), and Robinson (1975) designated the
base of the formation as the base of a distinctive ash-flow
sheet that rests unconformably on rocks of Clarno
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lithology and is separated from them locally by a thin
layer of red saprolite. The appearance of this ash-flow
sheet marks a change in the style of volcanism from local
emplacement of predominately andesitic lavas flows and
breccias to regional deposition of predominately silicic
pyroclastic material. Two radiometrically dated samples
from this sheet (DAS-66-208, DAS-66-195) yielded ages
of 37.4 and 37.1 Ma, respectively, indicating an age near
the Eocene-Oligocene boundary. This ash-flow sheet can
be traced eastward from the Antelope-Ashwood area to
the Horse Heaven mining district on the crest of the Blue
Mountains uplift (Swanson and Robinson, 1968) and
probably as far as Rowe Creek, where an isolated outerop
is found at the base of the eastern facies (Hay, 1962a;
Robinson, 1975; Woodburne and Robinson, 1977; Robin-
son and Brem, 1981). If this correlation is correct, it
implies that the base of the formation in the eastern facies
is also about 37 Ma.

Several ages have been reported from lavas of the
upper part of the Clarno Formation in the Mitchell area
that are younger than 37 Ma (Evernden and others, 1964;
Enlows and Parker, 1972). However, most of these are
whole-rock ages of somewhat altered lava and dike rocks,
and the reported ages are suspect. Others are on feldspar
separates from bentonite that had been subjected to
intense weathering during alteration of the enclosing ash.
The feldspars could have lost argon during this process,
thus giving rise to younger apparent ages. Taylor (1981)
concluded that the anomalously young ages for the
Clarno Formation in the Mitchell area are incorrect on
geologic grounds and that the age of the base of the John
Day Formation is approximately 37 Ma.

The next younger radiometrically dated unit in the
western section is the basal ash-flow sheet of member G.
Four ages on sanidine separates range from 30.5+0.4 to
27.0+0.3 Ma and average about 28.5 Ma. The range in
ages may be due to incorporation of small but varying
amounts of accidental or accessory feldspar in the ash-
flow sheet, or to slight alteration. On the basis of its
unusual feldspar composition, this sheet has been corre-
lated with an air-fall tuff in the eastern facies that lies
about 150 to 250 m above the base of the formation (Hay,
1962a, 1963; Woodburne and Robinson, 1977). An early
determination (sample KA647A) by Evernden and others
(1964) indicated a probable age of 23.3 Ma for this tuff,
but a more recent determination (sample 648-456) yield-
ed an age of 26.8+0.4 Ma (table 3.1), which is within the
range of ages on the ash-flow sheet of member G.

Several other determinations from the lower member
of the eastern facies yielded ages ranging from 31.5 to
26.7 Ma (table 3.1). One age (sample KA1384) of 21.6 Ma
from a claystone near the base of the formation was
obtained from authigenic feldspar and reflects the age of
diagenesis rather than deposition (Hay, 1962a).

K-Ar ages from the basal ash-flow sheets of members
H and I of the western facies are 30.9+0.7 and 27.7+0.3
Ma, respectively. Both of these ages are slightly older
than the Picture Gorge ignimbrite of the eastern facies,
for which two dates are available, 26.9+2.3 and 25.5 Ma
(table 3.1). Because the ash-flow tuff of member H is
stratigraphically higher than that of member G, its
reported age of 30.9 Ma is too old. This tuff is very
sparsely porphyritic in plagioclase and may have been
contaminated with some slightly older material. The age
from the basal ash-flow sheet of member I is probably
somewhat in error for the same reason.

The youngest rocks in the formation dated by the K-Ar
method are two air-fall tuff beds near the top of the
formation in the Mutton Mountains area. These tuff
samples have ages of 23.4+3.3 and 22.7+2.7 Ma, and
they are associated with a fossil fauna believed to be
Hemingfordian in age, approximately 20 to 18 Ma (Wood-
burne and Robinson, 1977; Dingus, 1979).

Several ages are also available from isolated outcrops
of silicic rocks believed to be correlative with the John
Day Formation. The oldest of these samples (PTR-
71-9A) is from a welded tuff that rests unconformably on
rocks of Clarno lithology on Snowboard Ridge about 7 km
southeast of Kinzua. This outcrop was tentatively corre-
lated with the basal ash-flow tuff of member A of the
western facies (Robinson, 1975), but its reported age of
57.0 Ma is much too old (table 3.1). Either the correlation
is wrong and this is a Clarno tuff, or the date is incorrect,
possibly because the unit has been contaminated with
older material or altered in some way. Powell Buttes, a
rhyolite domal complex in Crook County, has three age
determinations ranging from 30.1+1.1 to 25.8+0.2 Ma,
indicating a definite John Day age. Thus, in summary, in
this report we consider the John Day Formation to range
in age from latest Eocene(?) to early Miocene.

STRUCTURE

Rocks of the John Day Formation are generally little
deformed and typically dip less than 15°. Most structures
within the formation are subparallel to the major tectonic
features of north-central Oregon (fig. 3.10). Small north-
east-trending folds are present on both flanks of the Blue
Mountains uplift, and a few east-trending structures
parallel the Ochoco uplift (Swanson, 1969). Several small,
tight folds are present in the western facies adjacent to
faults or small intrusions (Peck, 1964; Robinson, 1975).
Northeast-trending faults are common on the west flank
of the Blue Mountains uplift, where they offset all rocks
older than the Madras Formation of Miocene and early
Pliocene age. These are chiefly normal faults, with
throws in the range 2 to 100 m, but a few exhibit minor
strike-slip displacement. Along one rather large fault
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system, between Willowdale and Grizzly, the John Day
rocks are exposed in a west-tilted block with dips
between 15° and 30°.

The distribution and stratigraphy of the Tertiary units
in north-central Oregon indicate that a topographie high
has persisted al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>